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Abstract 
Chemomechanics is an emerging area at the interface of chemistry, materials science, 
physics, and biology that aims at quantitative understanding of reaction dynamics in multiscale 
phenomena. These are characterized by correlated directional motion at multiple length scales—
from molecular to macroscopic. To explain the up to 1015-fold variations in reaction rates in 
multiscale phenomena—which are incompatible within the standard models of chemical 
kinetics—chemomechanics relies on the concept of molecular restoring force. We developed a 
general framework of force-dependent kinetics from the normal mode formalism, and simplified 
it in the form of Taylor expansion. 
Molecular force probes are inert molecules that allow incremental variations in restoring 
forces of diverse reactive moieties. Extending beyond the classical studies of strained molecules, 
molecular force probes enable experimental explorations of how restoring force affects chemical 
reactivity. This thesis describes the utility of one such broadly useful probe—stiff stilbene. 
Various reactive moieties were incorporated in inert linkers that constrained stiff stilbene to 
highly strained macrocycles. Such series eliminated many constraints of conventional 
microscopic force probe, provided direct experimental validation of the first-order Taylor 
expansion—a generic form of the most popular chemomechanical model—and illustrated the 
diversity and predictive capabilities of relationships between reaction rates and forces and their 
potential in guiding the design of novel stress-responsive materials. 
The reverse process, how chemical reactions may generate restoring force and useful 
mechanical work through directional motion across multiple length scales, remains much less 
understood. Here I describe a simple operational model to relate the key features of a 
photoactuating polymer to the force-dependent kinetics of the actuating and side reactions of its 
monomer. Experimentally measured kinetic parameters for both photo- and thermal 
isomerizations of the C=C bond in a series of stiff stilbene macrocycles as a function of its 
restoring force allow systematic optimization of the operating conditions, and suggest its 
maximum attainable performance is comparable to what motor proteins offer. This conceptual 
framework highlights the opportunities in rational design of photoactuating polymers afforded by 
the concept of restoring force. 
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Preface 
This thesis describes my work in the emerging field of chemomechanics, which utilizes 
the concept of molecular restoring force for quantitative understanding of reaction dynamics in 
multiscale phenomena that are prevalent in materials science and biology. It is comprised of 5 
chapters that are adapted from 4 published peer-reviewed papers and 2 manuscripts at various 
stages of submission.1-5 Only my first-authored and/or equal-contribution papers are included in 
this thesis. Among these papers, experimental and computational details of the work not carried 
out by me or colleagues under my supervision are not described. 
The introductory chapter (Chapter 1) of the thesis reviews (1) the concept of restoring 
force, and its conceptual framework our group developed based on normal mode formalism and 
Taylor expansion, (2) the field of chemomechanics that was built upon micromanipulation 
techniques and flow field studies of polymeric systems prior to our work, and (3) the concept and 
generic methodology of molecular force probe our group developed for measuring and 
interpreting force/rate relationships of diverse reactions.1,2 Chapter 2 describes force-dependent 
kinetics of a paradigmatic electrocyclic reaction—the C-C scission in cyclobutene, illustrating 
the use of stiff stilbene as an exemplary molecular force probe which offered unprecedented 
quantitative details of force-dependent reactivity from integrated experimental and 
computational studies. This work was featured on the cover of Nature Nanotechnology.3 Chapter 
3 demonstrated the intrinsic limit and maximum force attainable from stiff stilbene as both a 
force probe and a molecular photoactuator.4 Its use as a building block of photoactuating 
polymer is further elaborated in Chapter 4, where I carried out systematic studies of force 
dependence of both photo- and thermal C=C isomerizations in stiff stilbene and proposed a 
generic operational model of photoactuating polymer, enabling a quantitative estimate of the 
limiting performances of a photoactuating polymer and optimal operational conditions. 
Over the course of these investigations, I unexpectedly discovered the use of stiff stilbene 
as a photosensitizer, which offered novel insights into the mechanism of sensitized photolysis of 
the S-S bond, a ubiquitous and prevalent class of phenomena important in biophysics (Chapter 
5).5 
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1.1 Abstract 
Chemomechanics is an emerging area at the interface of chemistry, materials science, 
physics, and biology that aims at quantitative understanding of reaction dynamics in multiscale 
phenomena. These are characterized by correlated directional motion at multiple lengthscales—
from molecular to macroscopic. Examples include reactions in stressed materials, in shear flows, 
and at propagating interfaces, the operation of motor proteins, ion pumps, and actuating 
polymers, and mechanosensing. To explain the up to 10
15
-fold variations in reaction rates in 
multiscale phenomena—which are incompatible within the standard models of chemical 
kinetics—chemomechanics relies on the concept of molecular restoring force. Molecular force 
probes are inert molecules that allow incremental variations in restoring forces of diverse 
reactive moieties over hundreds of piconewtons (pN). Extending beyond the classical studies of 
reactions of strained molecules, molecular force probes enable experimental explorations of how 
reaction rates and restoring forces are related. In this review we will describe the utility of one 
such probe—stiff stilbene. Various reactive moieties were incorporated in inert linkers that 
constrained stiff stilbene to highly strained macrocycles. Such series provided the first direct 
experimental validation of the most popular chemomechanical model, demonstrated its 
predictive capabilities, and illustrated the diversity of relationships between reaction rates and 
forces. 
1.2 Introduction 
A reacting molecule constantly exchanges energy with its environment both to reach the 
top of the activation barrier that separates it from its product(s) and, once the transition state is 
traversed, to dissipate excess energy thus avoiding ricocheting back into the reactant well. The 
vast majority of chemical reactions that comprise chemistry can be understood by considering 
the motion of a fairly small number of atoms, i.e., these reactions occur at a single (molecular) 
length scale. In contrast, in an increasingly diverse and important class of phenomena localized 
chemical reactions couple directly and often highly anisotropically to m-scale degrees of 
freedom, such as direction motions of a micro-, meso-, or macroscopic object (i.e., at scales >50 
nm).
1-5
 Such coupling affects the rate at which the chemical reaction occurs and therefore must 
be accounted for in any kinetic model of such reactions. The common strategy to do so is to 
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include a quantifier of such coupling as an explicit kinetically-significant variable in the standard 
kinetic theories of Eyring or Kramers.
5,6
 
One of the simplest examples of a multiscale phenomenon in chemistry is the operation 
of an internal combustion engine, during which the macroscopic motion of the piston is driven 
directly by oxidation of C-H and C-C bonds. Whereas the rate of this macroscopic motion is 
governed by the rate of the chemical reaction, its direction is determined solely by the engine 
geometry rather than by how atoms move during the reaction. Such non-directional (or scalar) 
dynamic coupling across scales is quantified by pressure and its effect on the reaction rate is 
governed by the reaction’s volume of activation, V‡.7 Other examples of scalar dynamic 
coupling across multiple length scales are the operation of certain actuating polymers (e.g.,  
swell-gels), where changes in volume in response to a bulk chemical reaction (such as 
protonation/deprotonation) are used to drive directional macroscale motion.
8
 
The situation is much more interesting— and more complex—when the coupling is also 
directional, i.e., when the nuclear motion that constitutes a chemical reaction is correlated both 
spatially and temporally with those of the coupled microscopic object.
1,5,9
 This so-called 
chemomechanical coupling is pervasive in nature. Examples include reactions in shear flows,
6
 
formation and propagation of cracks in materials, fragmentation of macromolecules at 
interfaces,
10
 the operation of motor proteins (such as myosin and kinesin)
4
 and certain molecular 
pumps, and mechanosensing.
11
 It has also been realized in synthetic systems, including various 
single-molecule force experiments,
12
 certain small-molecule ―motors‖,2,3 and anisotropically 
aligned actuating polymers.
13
 
The directionality of multiscale coupling in these processes profoundly affects the 
dynamics of the chemical reaction. For example, interactions between rapidly flowing solvent 
and a dissolved macromolecule can accelerate dissociations of its backbone C-C bonds up to 
10
15
-fold, resulting in rapid macromolecular fragmentation.
5,6
 However, the magnitude of the 
kinetic perturbation depends strongly on the relative orientation of the scissile bond and the axis 
of macroscopic motion (in this case solvent flow). This strong orientational dependence of the 
rate cannot be accommodated within the standard models of chemical kinetics and requires that 
the perturbation be described by a vector (see below). Chemomechanics—an emerging field that 
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aims at quantitative understanding of reaction dynamics in multiscale phenomena—is built on 
using force as such a vector. 
An important class of chemomechanical phenomena involves localized chemical 
reactions in which just a few covalent bonds within a small reactive moiety (<1 nm) rearrange. 
Examples (Figure 1.1) include homolytic and heterolytic cleavage of covalent bonds (A-
D)
2,4,10,14,15
 and isomerizations (E).
2
 Yet, compared to the extensively studied strain-induced 
dissociations of weak interactions (e.g., disruption of hydrogen bonding in forced unfolding of 
biopolymers),
16,17
 chemomechanical processes arising from localized reactions have been little 
studied. Because of their small number of rearranging bonds and simple mechanisms, localized 
reactions comprise the most conceptually tractable systems for revealing fundamental insights 
into chemomechanical coupling. Covalent bond rearrangements involve large energy changes, 
making them particularly attractive as the basis of novel functional materials and processes for 
molecular-level control of energy transductions across length scales. Examples include self-
assessing, self-healing and actuating polymers,
1,14,18,19
 catalysts activated by bulk stresses,
15
 and 
autonomous nanomechanical devices propelled by structural rearrangements in reacting 
molecules (Figure 1.1).
2,3,20,21
 
This review focuses on chemomechanics of such localized reactions. First, we introduce a 
general framework—based on the concept of molecular restoring force—for understanding 
kinetics of such reactions. Second, we present an integrated experimental/computational 
approach that we developed for testing this framework. Third, we illustrate its utility with two 
simple chemical reactions: C-C and S-S bond dissociations. We do not discuss conformational 
changes of macromolecules caused by strain-induced dissociations of weak interactions, which 
dominate, for example, forced unfolding of proteins and nucleic acids, induced chain slippage, 
macromolecular desorption, and similar rearrangements at the supramolecular level. These 
phenomena have been extensively reviewed in the past.
1,12,17,22
 Also outside the scope of this 
review are synthetic ―molecular motors‖ where analysis of conformational changes may not 
benefit from the chemomechanical formalism or reveal insights in the coupling between 
localized reaction dynamics and bulk stresses.
23
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Figure 1.1. Examples of chemomechanical phenomena involving localized reactions. (A) 
Stretching a polymer containing spiropyran leads to a color change presumably due to 
stabilization of the colored isomer by bulk stress that develops when the material is distorted. 
This stress-induced coloration may enable autonomous damage-sensing materials in which color 
changes would reveal locations of highest internal stresses where the material is most likely to 
fail.
14
 (B) A shear-flow induced dissociation of a polymer containing a Ru-biscarbene complex 
produces an active catalyst for ring-opening metathesis polymerization.
15
 (C) Absorption of 
brush-like polymers on liquid/solid interface results in multiple C-C bond scission events, which 
are accelerated by tensile forces along the backbone.
10
 (D) Kinesins ―walk‖ along microtubule 
tracks to transport microscopic objects thousands times larger than themselves by transducing 
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and amplifying small-magnitude nuclear motion during nucleopilic dissociation of the P-O bond 
of adenosine triphosphate (ATP).
4
 (E) Irradiation of a liquid-crystalline film incorporating a 
chiral aromatic olefin results in unidirectional rotation of a microscopic object driven by 
photoisomerization of the central C=C bond. Only the first step of the proposed photo- and 
thermochemical four-step cycle is shown. Molecular actuation based on the Z/E 
photoisomerization holds promise for powering the propulsion of autonomous nanomechanical 
devices.
2
 
1.3 Chemomechanical kinetic model 
To gain molecular insights into multiscale dynamic processes and to design new 
molecular systems that would capture free energy of large-scale degrees of freedom to drive 
useful chemistry or, conversely, to power microscale translation by coupling it directly to 
chemical reactions the standard models of chemical kinetics need to be extended to 
accommodate energy coupling between molecular and microscopic degrees of freedom. This can 
be accomplished by (1) identifying the physical variable that directly controls the activation 
barriers of chemical reactions in these systems and (2) defining and experimentally validating a 
mathematical relationship between this variable and the free energy of activation. In chemically 
driven multiscale phenomena, large-scale anisotropic strains are created and/or relieved by 
atomic motion resulting from the rearrangement of chemical bonds. Unlike molecular strain 
familiar to chemists, which is localized over well-defined molecular-scale volumes, the strain in 
multiscale phenomena is distributed over space that is many orders of magnitude larger than the 
size of the reacting moiety. Under such circumstances, an extensive measure of strain such as 
strain energy, cannot in general be expected to correlate with changes in the activation barriers of 
the underlying reactions, as is indeed observed. 
Chemomechanical model uses force to quantify energy coupling across length scales.
24-27
 
It offers a strategy to simplify the complex question of reaction dynamics in multiscale 
phenomena by breaking it down into two simpler questions: (1) how are forces at different length 
scales related, from the macroscopic force that accounts for large scale distortion in material in 
response to an external load down to molecular forces that quantify geometrical perturbations of 
individual molecules? (2) How do reaction rates depend on the molecular restoring force of the 
reactant(s)? Much progress has been made in answering question 1.
28
 The second question, 
however, remains far less understood. One approach to solving it has been to incorporate force 
into the standard models of chemical kinetics. Such models, however, are based only on scalar 
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variables, such as temperature (Arrhenius and Eyring theories), pressure, viscosity (Kramers 
theory) and dielectric constant (Marcus theory), and extending them to vectoral variables poses 
unique challenges that remain unresolved. 
1.3.1 Strain energy: an extensive scalar measure of molecular strain 
The effect of molecular strain on the reaction kinetics of small (non-polymeric) reactants 
has been long studied and is commonly discussed using the concept of strain energy—a 
difference of the free energy of formation of the strained molecule and its (often hypothetical) 
strain-free analog.
29-31
 By assuming a fraction of this ground-state strain that is relieved either in 
the transition state or the product, the activation free energy for the strained reactant can be 
estimated from the knowledge of the strain-free barrier height.  
Structural and/or thermochemical data needed to estimate strain energy of a stable 
reactant is much more readily available, both experimentally and computationally, than the 
energy of a transition state. By allowing usefully accurate estimates of activation barriers across 
a series of stereoelectronically related reactants without the need for detailed knowledge of the 
corresponding transition states, the strain-energy models have proven valuable in both guiding 
the design of new molecules and their reactions and relating the experimental trends in reactivity 
to molecular structure.
29,32
  
In multiscale phenomena, however, the structural and/or thermochemical data of the 
strained reactant is not available either experimentally or computationally. Although multiscale 
dynamics is often driven by highly localized reactions, these reactions occur within strained 
macromolecules not readily amenable to structural characterization. Even if the strain energy of 
such a macromolecule could be estimated, it would be of little value: The fraction of the ground-
state strain energy of a macromolecule that is relieved in the transition state of a reaction within 
one of its many monomers is likely to be much less than the accuracy of the ground-state strain 
energy estimates. Moreover, the ground-state strain energy of a polymer depends on the 
chemical composition of each monomer, whereas the kinetics of a localized reaction is governed 
primarily by the structure of the reacting monomer and potentially by the monomers directly 
bound to it. 
1.3.2 Restoring force: an intensive vectoral measure of molecular strain 
10 
 
Free of these limitations is gradient of strain energy, restoring force, which develops in 
any strained object, including (macro)molecules. Unlike strain energy, force is scale invariant: in 
a stretched macromolecule each monomer experiences the same average restoring force 
regardless of its chemical composition.
27
 Being a vector, force captures the intrinsically 
directional nature of multiscale strain, i.e., the observation that the kinetic response depends not 
only on the magnitude of strain but also the molecular axis along which it is generated. Finally, 
the normal-mode formalism establishes a unique relationship between reference (strain free) 
molecular geometry, strain and restoring force. For example, one and only one molecular 
geometry corresponds to each value of restoring force. In contrast, the number of strained 
geometries corresponding to a given strain energy is infinite. Likewise, the difference between 
strain-free and strained molecular geometries uniquely defines the restoring force. Any 
generalized degree of freedom q of a molecule (such as a internuclear distance, bond angle 
and/or torsion, or any combination thereof) being a continuous function of its normal modes, i, 
a set of eq. 1.1 (one for each normal mode) defines the mechanical equilibrium between a 
strained moiety and the rest of the (macro)molecule and thus relates its strain to the restoring 
force along q, F (eq. 1.1 accounts for anharmonicity of the normal modes up to the quadratic 
term; ki, kijl and kijlm are the normal quadratic, cubic and quadratic force constants of strain-free 
reactive moiety). 
    ∑  
   
∑     
   ⏟        
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∑      
   ⏟           
            
  
  
 
 
 
1.1) 
1.3.3 Empirical force-rate relationships  
The first empirical formula relating the activation barrier of a chemical reaction to the 
molecular restoring force of the reactant was proposed in 1940 by Eyring (eq. 1.2, where G‡o is 
the strain-free activation energy, ko is the corresponding strain-free rate constant,  is inverse 
thermal energy (product of the Boltzmann constant and the absolute temperature) and h is the 
Plank constant). Eyring's ansatz was later derived within the 1-dimensional Kramers 
theory.
17,33,34
 A graphical representation of eq. 1.2 is a modified 1D free energy profile of the 
reaction in the presence of force (Figure 1.2). The single fitting parameter, x in eq. 1.2, has 
been traditionally interpreted as the distance between the kinetically-significant minimum and 
11 
 
maximum on the reaction free energy surface along the force vector, but such a definition is too 
abstract to guide the design of new molecules and reactions with specific rate-force profiles. 
Several attempts have been made to assign a to specific structural parameters, for example the 
elongation of a single covalent bond responsible for strain-accelerated fragmentation of certain 
macromolecules,
35
 but such interpretations remain to be validated either experimentally or 
theoretically.  
   
 
  
       
          
     1.2) 
Eq. 1.2 is based on a number of assumptions whose validity remains to be established.
16
 
For it to be predictive, the value of x must be derivable from the strain-free molecular 
geometries of the reactant (and possibly the transition state), i.e., it must have a well defined 
molecular interpretation.  
 
Figure 1.2. The standard chemomechanical model (eq. 1.2) postulates that the original free 
energy profile (black) along the reaction path changes in the presence of restoring force 
proportionally to its magnitude.
5,16
 The barrier decreases when the net motion of atoms that 
converts the reactant into the transition states occurs along the force vector (red). Otherwise, the 
barrier increases (blue). The Hammond postulate requires that the transition state geometry 
changes in conjunction with the energetic changes in the transition state relative to the reactant 
and product: a barrier-lowering perturbation shifts the reactant and transition state towards a 
common geometry, whereas a barrier-raising perturbation shifts the transition state toward the 
product geometry. Such force-dependent geometrical changes would be quantified by the 2
nd
-
order (quadratic) Taylor coefficients in eq. 1.3 but are neglected in the standard Bell-Evans 
models (e.g., eq. 1.2).
17,33,34
 
Although by now several dozen different variants have appeared in the literature, ranging 
from small modifications of the original model to mathematically complex relationships derived 
12 
 
within Kramers-like view of reaction dynamics,
5,16,17,36-39
 no fundamental laws are known that 
would dictate any particular form of such a relationship.
27
 Under such circumstances, the most 
systematic approach to quantitative analysis of chemomechanical kinetics may be to represent 
the ensemble-averaged rate constant kf for a reactant distorted to restoring force f as a Taylor 
expansion around the rate constant of the strain-free reaction, k0. Eq. 1.3 is written in a 
coordinate system defined by the force vector (i.e., fz = f, fx = fy = 0) and is valid for both time-
invariant and time-dependent force. 
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1.3) 
To make this model predictive, its Taylor coefficients must be defined in terms of 
structural and/or thermochemical parameters of the reactant and its transition state(s) in the 
absence of strain. Apart of the experimentally validating eq. 1.3, defining the molecular meaning 
of the Taylor coefficients is the major outstanding problem in understanding multiscale reaction 
dynamics quantitatively. A general and quantitative force-rate relationship in the form of Taylor 
expansion has been developed in our group as described below. 
1.3.4 A general model of force-dependent kinetics from normal mode formalism 
For the purpose of developing a general predictive model of multiscale kinetics of 
localized reactions it is useful to distinguish two contributors to the difference in the activation 
barriers of such a reaction in a strained macromolecule with restoring force F, G‡F, and in the 
free reactive moiety (monomer), G‡o: (1) differential destabilization of ground and transition 
states of the reactive moiety by strain, GF
ts
-GF
gs
 (Figure 1.3A) and (2) changes in strain 
elsewhere in the (macro)molecule due to structural difference between the ground and transition 
states of the reactive moiety (Figure 1.3B).  
13 
 
 
Figure 1.3. Restoring force of a reactive moiety may perturb the activation free energy of its 
reaction by two fundamentally different mechanisms: (A) differential destabilization of ground 
(red) and transition (green) states of the reactive moiety by strain, GF
ts
-GF
gs
, and (B) changes 
in strain in all other degrees of freedom elsewhere in the (macro)molecule allowed by structural 
difference between the ground (red) and transition (green) states of the reactive moiety. The set 
of orthonormal generalized coordinates q, q1,... qN-1, is constructed (∂G/∂q=-F and ∂G/∂q1=... 
∂G/∂qN-1=0) such that the 2
nd
 contribution can be expressed along a single q.  
To estimate the 2
nd
 contribution we transform a (sub)set of N normal modes of the 
reactive moiety in each state, {i}N, into a new orthonormal set, q, q1,... qN-1, such that ∂G/∂q=-F 
and ∂G/∂q1=... ∂G/∂qN-1=0 (in general N
gsNts, i.e., a different number of normal modes of the 
ground and transition states will require the transform). We assume that such transformation is 
possible and yields q, q1,... qN-1 which are continuous functions of the normal modes. Since 
restoring force is conservative, neglecting the difference in strain between the ground and 
transition states of the (macro)molecule, gives -F(qF
ts
-qF
gs
) as the 2
nd
 contribution (eq. 1.4). Here, 
qF
gs
 and qF
ts
 are the values of coordinate q at force F in the corresponding states; they are 
equivalent to generalized dimensions of the reactive moiety in these states along the force vector, 
F (Figure 1.3). 
   
     
  (   
      
  
)   (  
     
  
) 1.4) 
In eq. 1.4 qF
ts
, qF
gs
, GF
ts
 and GF
gs
 describe the strained reactive moiety. The model 
becomes useful only when these quantities can be expressed in terms of properties of the strain-
free reactive moiety, such as structure, normal modes and force constants (including anharmonic, 
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if necessary). To do so, for each state we express ΔGF=G(1(F), 2(F),...) and qF=q(1(F), 
2(F),...) as Taylor expansions truncated at the 1st non-zero term (eqs. 1.5–1.6). In eqs. 1.5–1.6, 
subscript o again signifies derivatives evaluated at the strain-free geometry. The linear term and 
the 2
nd
 part of the quadratic term of the Taylor expansion of GF are zero by virtue of ∂Go/∂i, 
which equals restoring force in the absence of strain, being necessarily zero. Finally, the 2nd 
derivative of free energy with respect to a normal mode i is, by definition, the normal force 
constant, ki.  
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The next step is to express ∂i/∂F in terms of normal force constants. If restoring force F 
acted exactly along a normal mode i, ∂i/∂F would equal 1/ki and all other derivatives were 0. 
However, such a situation would correspond to physical distortion of a molecule being exactly 
equivalent to selective excitation of its single normal mode, which is never realized in practice. 
The strained reactive moiety in its ground and transition states must be in the internal mechanical 
equilibrium with the rest of the macromolecule. In the harmonic-oscillator limit this condition is 
expressed by eq. 1.7, which is derived from eq. 1.1 by neglecting anharmonicity, i.e., kijl=kijlm=0. 
Since q is not a normal mode, the derivative ∂q/∂i is a function of (in general all) the normal 
modes of the monomer even in the harmonic limit. When the explicit relationship between q and 
the normal modes is available (i.e., when one discusses a specific molecule), solving eq. 1.7 (or 
the anharmonic version, eq. 1.1) for all normal modes simultaneously would yield a functional 
dependence of each normal mode on F, from which all derivatives ∂i/∂F would become 
available. Using these derivatives, values of GF and qF can be easily estimated from eqs. 1.5–
1.6. 
15 
 
(
   
 
   
)   
(
 
 
  
 
 
 
  
 
 )
 
 
  
(
 
 
   
 
 
 
   
 
 )
 
 
 1.7) 
A general, albeit approximate, expression is obtained by evaluating the derivatives ∂q/∂i 
at strain-free geometry (∂qo/∂i), whose force-independence allows simple differentiation of eq. 
1.7 to yield expressions for ∂i/∂F in terms of strain-free parameters (eq. 1.8). Replacing the 
corresponding variables in eq. 1.4 with their definitions in eqs. 1.5–1.6, 1.8 yields the final 
expression of free energy of a chemical reaction as a function of the restoring force of the 
strained reactant (eq. 1.9) in terms of structural (qo) and vibrational (i, ki) data of strain-free 
reactive moiety (or monomer) in the harmonic limit. In eq. 1.9 kq is an effective pseudo (because 
it depends on strain) force constant of generalized degree of freedom q, which are defined 
explicitly for the strain-free geometry by eq. 1.10.  
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 1.10) 
The small size of the reactive moieties responsible for localized reactions makes the 
parameters required for an estimate of GF using eq. 1.9 readily available experimentally (for the 
ground state) or computationally (for both ground and transition states). Hence, eq. 1.9 allows 
reaction rates to be predicted without atomistic description of the full reactant, which is 
untenable for reactions in strained macromolecules and other multiscale phenomena. 
Since eq. 1.9 has a form of a Taylor expansion of the activation energy with respect to the 
experimental variable, F, it yields estimates of GF that are systematically improvable by 
inclusion of higher order terms (e.g., those accounting for anharmonicity). The original Eyring 
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ansatz (eq. 1.2) is a limiting case of eq. 1.9 truncated at the linear term. Unlike models derived 
within the Kramers formalism, eq. 1.9 requires no a priori assumptions about q being a 
topological characteristic of the reaction energy surface (e.g., x in eq. 1.2, the often-
referenced
6,35,40
 but ambiguous assertion of the "distance" between the top and the bottom of the 
activation barrier along the force vector) and does not restrict the pattern of restoring force to a 
single molecular axis. Instead, eq. 1.9 is equally valid whether q is a single internuclear distance 
or a complex non-linear function of distances, angles and torsions. The approach underlying the 
derivation of eq. 1.9 allows the activation barrier to be estimated for any distribution of restoring 
force in the reactive moiety, both in terms of its magnitude and orientation. 
1.4 Conventional force spectroscopy with microscopic force probes 
The full realization of the force formalism's potential to yield truly molecular 
understanding of materials response to mechanical loads requires that the theoretical effort to 
integrate molecular restoring force as an explicit kinetic variable into models of chemical 
kinetics be complemented by the development of experimental techniques to test the theoretical 
predictions. Kinetic and mechanistic studies of chemical reactions in bulk materials largely 
remain outside the capabilities of modern science. More tractable systems to test force-based 
models of reaction kinetics include shear-flow
1
 and single-molecule force methods,
12
 in which 
individual macromolecules are strained by macroscopic or microscopic tools, and molecular 
force probes
24-26,41,42
 in which molecular design, rather than bulk strains, are used to control the 
restoring force.  
Among these, shear-flow methods have been used the longest, followed by single-
molecule force methods, whose development was spurred by the advent of micromanipulation 
techniques, such as atomic force microscope and laser tweezers. Manipulating restoring forces of 
small reactants by molecular design and synthesis was long recognized to allow force-dependent 
measurements of reactivity in far more tractable systems than that in polymers.
31
 However, until 
recently, implementation of this strategy was precluded by the lack of suitable molecular 
architectures to vary the restoring forces of diverse reactive moieties in sufficiently small 
increments and over a sufficiently wide range to reveal broad trends. We now understand the 
force formalism to be an effective strategy of coarse-graining molecular degrees of freedom. 
Early attempts to explain the unique reactivity of classical strained molecules (such as 
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cyclopropane) within the force formalism were unsuccessful simply because such molecules 
were too small to have degrees of freedom that could be approximated by force.
29
 The 
developments in both computational chemistry and analytical techniques finally allowed the 
design and synthesis of molecules that are large enough to allow meaningful application of the 
force formalism while remaining amenable to fully atomistic description.
25,41
 
1.4.1 Shear-flow methods 
Most shear-flow experiments are run in one of the three configurations: (1) elongational 
flow; (2) transient flow and (3) acoustic field.
1
 In elongational flow a solution of a polymer is 
rapidly passed through a flow cell with an inlet at 90° to a pair of mutually-opposing outflow 
orifices. The geometry creates a stagnation point where some macromolecules become trapped, 
and eventually fragment. In transient flow, a flowing solution encounters a sudden contraction. 
Acoustic fields are often generated by ultrasonication of a polymer solution, the mechanism by 
which flow of bulk solvent controls the macromolecular strain remains to be understood and 
appears to be distinct in the laminar and turbulent regimes.
43
 In the latter, chain entanglement 
plays a critical role. 
Kinetic and mechanistic studies of reactions in shear flows remain challenging because of 
both the limited observables and poorly understood coupling among various control parameters. 
Most shear-flow experiments in which chemistry occurs are ensemble measurements of changes 
in molecular weight, molecular weight distribution and/or chemical composition of the polymer. 
Assessing product speciation is especially challenging because in most experiments only a 
miniscule fraction of the polymer changes its chemical composition. Estimates of strain are 
sometimes possible under conditions that do not result in chemical reactions. For example, in 
elongational-flow experiments, the long residence time of the macromolecule at the stagnation 
point allows indirect assessments of its strain from birefringence measurement.
44
 Experimental 
variables that are known to affect the observables include, in addition to the duration and 
intensity of shear-generating perturbation, temperature, viscosity, concentration and molecular 
weight. Undoubtedly, these variables are tightly coupled, but quantitative general relationships 
are lacking. Likewise, estimates of restoring force of macromolecules in shear-flow experiments 
are not yet possible. 
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In addition to the long-known backbone scission, which may proceed by homolysis,
1,5
 
several unimolecular isomerizations and dissociations have been shown to be accelerated in 
polymers in shear flows. Examples (Figure 1.4) include (1) symmetry forbidden electrocyclic 
isomerization of cis-diacyloxycyclobutabenzene;
18
 (2) isomerization of cis- and trans-
dihalocyclopropanes into allylic halides;
45
 (3) isomerization of a spiropyran
14,46
 and a 
binaphthyl
47
; (4) cycloreversion of dicarboxydicyanocyclobutane;
48
 (5) dissociation of Ag and 
Ru complexes.
15,49
 The expected products were detected by trapping with an isotope-labeled or 
fluorogenic reagent (examples 1 and 4), by UV-vis or CD (example 3), by catalytic signal 
amplification (examples 5) or by direct analysis of reaction mixtures by 
1
H and 
13
C-NMR 
spectroscopy (example 2). 
 
Figure 1.4. Reactions that are accelerated in polymers in shear flows induced by acoustic 
filed.
14,15,18,45-49
 Species that were identified indirectly are in brackets. 
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Among these examples, the polymers devised by Craig
45
 (example 2) are unique in 
allowing complete product distribution assessment (in all other examples the analytic techniques 
employed could only detect one of several products likely formed). This was made possible by 
incorporating in each macromolecule multiple cis- and trans-cyclopropane units. Sufficient 
fraction of such moieties isomerized during sonication to yield detectable NMR signals. This 
capability revealed unexpected results: whereas the activation energies of isomerization of 
individual cis- and trans-2,3-dimethyl-1,1-dichlorocyclopropanes differ by ~2 kcal/mol at 353 K 
(corresponding to ~24-fold higher reaction probability for the cis isomer),
50
 the cis and trans 
isomers of cyclopropane appear to have approximately equal probability of isomerizing in 
polymers in shear flows. The results raise important questions about the mechanism by which 
bulk solvent flows alter reaction kinetics, including the magnitude and distribution—both spatial 
and temporal—of restoring forces generated in such experiments. They also suggest that 
reactivity patterns in other shear-flow experiments may be more complex—and more 
interesting—than is currently thought. 
1.4.2 Single-molecule force methods 
Micromanipulation techniques, including atomic force microscopy (AFM) and optical 
tweezers, allow a single long macromolecule (or a series of macromolecules connected in a daisy 
chain) to be controllably stretched and the resultant restoring force estimated.
12
  In these single-
molecule force (SMF) experiments a pair of microscopic force probes (such as a microscopic 
polystyrene bead or an AFM tip) bridged by a macromolecular substrate, is separated stretching 
the macromolecule (Figure 1.5). The accompanying deflection of the cantilever from its 
equilibrium geometry (or of the bead from its equilibrium position) is monitored optically. These 
experiments are done in solution. 
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Figure 1.5. Single-molecule force techniques based on (A) AFM or (B) optical tweezers.
41
 
Despite its name single-molecule force spectroscopy does not measure forces but rather 
elongational strain of an unknown object as a function of the strain of a standard. Increasingly, in 
biophysical SMF experiments proteins (e.g., titins) with extensively studied elastic properties are 
used as such standards.
51
 This development acknowledges the uncertainty inherent in estimating 
the restoring force of a deformed cantilever, particularly for large displacements. However, the 
use of the protein-based standards to relate strain and restoring force is limited, particularly in 
problems of materials science, by the narrow range of forces they can withstand.  
SMF methods are unique in their capacity to characterize nm-scale structural changes 
accompanying cooperative dissociation of many weak interactions, particularly under externally 
imposed continually variable structural constraints.
12,51
 Our understanding of unfolding of 
biopolymers, induced chain slippage, macromolecular desorption and conformational changes 
during the operation of motor proteins has been revolutionized by SMF studies.
16,17,52,53
 In 
contrast, its impact on chemistry and materials science has been far more modest. 
In a SMF experiment the only indication that a chemical reaction occurred in the 
stretched polymer is the appearance of a transient discontinuity in a force-extension curve.
54
 This 
discontinuity signifies a mechanical instability generated when the change in the contour length 
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of the polymer exceeds both the magnitude of thermal fluctuations of the force probe and the rate 
of its retraction (i.e., strain rate). The magnitude of the thermal fluctuations of a force probe is 
inversely proportional to its stiffness, k: <x2>1/2 = (k)-1/2, where  is thermal energy and 
<x2>1/2 is positional variance along the retraction axis.12,55 Typical stiffness of AFM tips used in 
SMF experiments is 1–104 pN/Å,12 corresponding to positional noise of <0.1–7 Å. Greater 
positional accuracy comes at the expense of larger uncertainty in restoring force, as the two 
variable are conjugate. In SMF experiments the balance is often found with probes of ~10 pN/Å 
stiffness (<x2>1/2 ~2 Å, <F2>1/2 ~20 pN). However, most localized reactions that do not result 
in fragmentation of the macromolecule yield changes in contour length on the order of 0.5–1 Å 
and are thus invisible to SMF experiments, particularly under conditions of limit experimental 
statistics. Consequently, dissociation reactions are most amenable to SMF studies. 
Further constraints arise from thermal drifts, which limit both the duration of a single 
SMF experiment to <100 s and the ability to conduct variable temperature measurements.
12
 In 
dynamic force spectroscopy, to insure that a chemical reaction occurs within <100 s, a 
macromolecule is stretched continuously, often at a constant rate, until it ruptures.
5
 With AFM, 
accessible strain rates—i.e., elongation of the polymer per unit time—are 10–104 nm/s, which in 
theory could yield forces up to N within seconds. In practice, rapid detachments are observed at 
forces of a few nN.
5,56
 In a less common configuration, a macromolecule is stretched rapidly to a 
desired restoring force and maintained at such a force until it ruptures.
35
 This approach is best 
suited to a bimolecular reaction, whose rates can be controlled by the concentration of a reagent 
in solution. 
1.4.3 Molecular interpretation of SMF experiments 
SMF experiments demonstrated convincingly that stretching a macromolecule will lead 
to its fragmentation on a timescale that depends on the rate of stretching, the chemical 
composition of the polymer and the chemistry used to attach it to the force probes. Obtaining 
further information from the SMF experiments, including the chemistry underlying the rupture 
event, the location of the reaction site, rate constants and the restoring forces of the reactive 
moiety is far more challenging.
57
 
Reaction site localization. The single-molecule format of SMF experiments has so far 
precluded spectroscopic characterization of the products and identification of the chemistry 
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underlying the rupture must be done indirectly, often assisted by computational modeling.
58
 Two 
common strategies to limit the possibilities utilize polymers (1) that containing a single reactive 
moiety particularly sensitive to axial strain (which is sometimes called mechanophore) or (2) 
whose backbone is comprised of a single type of chemical bond, identical to that connecting the 
polymer to the force probes. The former strategy is more flexible, and was exploited to probe 
force-dependent dissociation of M-N (M = Pd, Ni, Co, Cu, Zn), Au-S and S-S bonds.
5,35,40
 The 
latter strategy was used in a careful study of mechanical properties of polydialkylsiloxanes, 
which demonstrated the lack of a correlation between the estimated barrier lowering of the Si-O 
bond dissociation and the strain energy (either total or per Si-O bond) and the absence of a 
unique fit of the experimental data to standard models of force-dependent kinetics.
56
 It is 
noteworthy that estimates of bond dissociation energies (BDEs) obtained even from carefully 
designed pulling experiments are significantly lower than the consensus values (e.g., 3.4 vs. 106 
kcal/mol).
56
 The causes of the discrepancies remain to be identified; two possibilities are (1) the 
higher reactivity of chemical bonds connecting a polymer to the surface compared to the 
reactivity of the same bonds within the polymer chain or in small molecules and (2) the different 
mechanisms of dissociations, such as nucleophilic substitution in pulling experiments vs. 
homolysis in gas-phase determinations of BDEs.  
Rate constants. Rate constants cannot be measured in dynamic SMFS. Instead, the 
displacement of the force probe at which the mechanical instability occurred (rupture strain) is 
measured as a function of the straining rate, rF. At present, the rupture strain, straining rate and 
rate constants can only be related under a number of approximations. Assuming a harmonic 
behavior of the force probes and the linkers connecting them to the substrate macromolecule and 
the internal mechanical equilibrium prior to the rupture event (these assumptions appear rarely if 
ever valid in actual SMF experiments
12,16,36,59,60
), yields eq. 1.11, where the observable is F*, the 
most probable rupture force and the control parameter is rF, the loading rate. 
   
  
  
  
 
  
  for F = F* 1.11) 
Integration of eq. 1.11 requires the explicit functional form of kF vs. F. Approximating kF 
by Eyring's ansatz, eq. 1.2, yields the famous Bell-Evans equation.
33,34,59
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 1.12) 
where  = x (x is the empirical coefficient of the Eyring equation) and ko is the strain-free 
rate constant. Eq. 1.12 predicts the plot of F* vs. lnrF to be linear, yielding x and ko from the 
slope and the intercept, respectively. Considering how many assumptions underlie eq. 1.12, the 
number of experiments in which observed F* changed linearly with lnrF is remarkable.
56
 At the 
same time, considerable effort has been expended to understand the molecular origin of 
deviations of the F* vs. lnrF data from linearity.
16,35,36,56,61-64
 The plausible causes include: 
1. chemical and/or structural heterogeneity of multipolymeric assemblies (e.g., different 
reactivity of chemical bonds at the polymer/solid interface and within the polymer),
56,62
 
2. biased estimates of F* due to limited statistics,
61
 the lack of internal mechanical 
equilibrium prior to the reaction
36
 or misalignment of the reactive moiety and the pulling axis
35
,  
3. failure of one or several approximation(s) inherent in eq. 1.12 (such as anharmonicity 
of the probes/linkers, force-dependent ),16,36 
4. multiple barriers on a single reaction path or multiple competing reaction paths.
35,63,64
 
Differentiating among the possibilities is often complicated by the limited range of rF values 
accessible for a specific polymeric substrate.  
No analytical solution exists within Kramers' formalism if the structural and vibrational 
properties of the ground and transition states are assumed to depend on force
16
 (i.e., the 
Hammond effects as embodied by the 3
rd
 term of eq. 1.11). The alternative, eq. 1.9, does yield an 
analytical solution (eq. 1.13, kq and (1/kqo) are defined in eqs. 1.10 and 1.14), if strain-
dependence of kq is neglected. It would be interesting to see how many non-linear experimental 
F* vs. lnrF trends could be fitted consistently to eq. 1.13 and to compare the corresponding 
fitting parameters (ko, qo, (1/kqo)) to those of other models and to computations. 
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Reported force-dependent kinetics of localized reactions. Linear F* vs. lnrf or lnkF vs. 
F relationships have been reported in most SMF experiments of localized reactions, from which 
x and ko values were estimated using eq. 1.12 or eq. 1.2. The following values of x have been 
reported: (1) dissociations of Si-O (0.21 Å) and Si-C (0.35 Å) bonds, whose mechanisms remain 
to be identified;
56,62
 (2) nucleophilic displacement of a pyridine off Pd
II
 by solvent, DMSO (~1.8 
Å, example 1 in Figure 1.6);
40
 and (3) SN2 scissions of S-S bond by thiolates (0.23–0.35 Å), 
phosphines (~0.44 Å), and OH
-
 (~0.44 Å at f<500 pN and ~0.1 Å at f>500 pN).
35,64-66
 These 
values are not inconsistent with the expected scale of structural differences between the ground 
and transition states of the reactive moiety but must be viewed as at best semi-quantitative 
estimates, which cannot yet be ascribed to changes in particular bond distances, angles or 
torsions. Molecular interpretation of these values, however, may only be possible with the help 
of quantum-chemical calculations. Recently, it became possible to conduct both static geometry 
optimizations and dynamic simulations with external forces added to two or more atoms of a 
small molecule, such as cyclobutene.
38,39,67
 Such calculations confirm qualitatively the 
experimental observations (e.g., that orbitally forbidden ring-opening of cyclobutene is possible 
at ambient temperature under tensile forces accessible in flow experiments) but quantitative tests 
of the calculations remains impossible. 
The values of ko extrapolated from the same graphs are significantly faster than those 
observed in small molecules (e.g., dissociations of Si-O and Si-C bonds
56,62
). The only exception 
known to us are careful SMF experiments by Craig (Pd-N bond dissociation by DMSO, example 
1 in Figure 1.6) who demonstrated that the extrapolated values of ko from the F* vs. lnrf graphs 
are equal, within the experimental uncertainty, to those measured for the equivalent small 
molecule. Overall, the number of chemically relevant reactions studied by SMFS is far smaller 
than that of biopolymers. Experimental and theoretical challenges in both conducting and 
interpreting the measurements of localized reactions involving covalent bond rearrangements 
undoubtedly contribute to this situation.  
Measurements of force-dependent kinetics of isomerization are more challenging 
compared to that of covalent-bond dissociations because two isomers of individual monomers 
rarely differ in size enough to be detected by SMF experiments. To overcome the limited spatial 
resolution of SMFS, experiments were carried out on oligomers of azobenzene and proline, 
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where rapid isomerization of multiple identical monomers yielded detectable changes in the 
macromolecular contour lengths.
13,68,69
 Force-dependent acceleration of proline isomerization 
was observed (example 2 in Figure 1.6), whereas Z azobenzene is inert on similar timescale at 
400 pN (i.e., the isomerization was >600-fold slower than expected from eq. 1.2, example 3 in 
Figure 1.6). 
Force-dependent kinetics of photochemical processes has been explored even less, 
despite its importance in guiding the design of light-powered propulsion strategies for 
autonomous nanomechanical devices. Quantum yields cannot be measured in SMF, although 
qualitative estimates suggested similar quantum yields of E→Z photoisomerization of 
azobenzene up to ~400 pN (signified by ~33% conversion compared to ~26% at zero force), 
followed by rapid decrease to zero at ~500 pN (example 3 in Figure 1.6).
68
 
 
Figure 1.6. Localized reactions that have been studied with SMF experiments.
13,40,68,69
 
1.5 A molecular force probe: stiff stilbene 
Force experiments on macromolecules must be complemented by experimental 
approaches that have greater spatial and temporal resolution and reaction scope to test force-
based models of chemical kinetics broadly. Since restoring force is a scale-invariant measure of 
strain, a reaction in a moiety strained to specific restoring force should proceed at approximately 
the same rate regardless of the overall size of the molecule. Consequently, quantitative insights 
in kinetics of localized reactions in strained macromolecules could be obtained from studies of 
much more tractable non-macromolecular reactants by relying on molecular design instead of 
micromanipulation techniques to control molecular restoring forces.
24-26,41,42
 A molecular force 
probe provides a means of doing so. It is an inert molecule that can be attached to diverse 
functional groups and distorts them in a controlled and incremental way. We designed 
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homologous series of macrocycles in which molecular force probe is constrained with inert 
linker containing a reactive moiety, generate restoring forces of various magnitudes, and ideally, 
along different directions. 
To be broadly useful for studying chemomechanics of localized reactions, a molecular 
force probe should have:
24,25
 (1) a size that is small enough to allow high-level quantum 
chemical calculations of geometries and energies of kinetically relevant structures yet large 
enough compared to the reactive moieties to dominate the fraction of the ground-state strain 
energy that account for changes in the barrier height; (2) high structural anisotropy to localize its 
strain into the constrained internuclear distance along which the force probe is coupled to the 
reactive moiety; (3) high chemical inertness under conditions used for measuring the 
chemomechanical kinetics of the substrate reaction; and (4) easily accessible highly-strained 
conformations. 
Whereas the number of suitable molecular force probes will undoubtedly increase as this 
approach is adopted broadly, we have been exploiting molecular force probes based on pairs of Z 
and E geometrical isomers of alkenes
3,24-26
 and their analogues (e.g., azobenzenes). Because 
photoisomerization of C=C or N=N bonds offers ready access to highly strained geometries, 
these compounds have been explored as molecular switches and unidirectional rotors (e.g., 
Figure 1.1E),
3
 and building blocks for photoactuating and photoswitching materials.
70
 
While the most popular members of this family of compounds, stilbene, tetra-
benzafulvalene, and azobenzenes, are too conformationally flexible to be useful molecular 
probes, stiff stilbene (1,1′-biindanylidene 1, Figure 1.7B) meets the criteria of a general force 
probe.
24-26
 Like the better known stilbene (1,2-diphenylethylene), stiff stilbene exists in two 
isomers, Z and E, which are separated by a high barrier for thermal isomerization (~43 kcal/mol 
compared to 23 kcal/mol for azobenzene and 35-20 kcal/mol for tetrabenzofulvalene 
derivatives),
13,71
 but interconvert readily in highly efficient photoisomerization at 360-400 nm. 
Both C6
…C6′ and C5…C5′ distances undergo large change upon isomerization of stiff stilbene 
and are by far the softest degrees of freedom in stiff stilbene. Constraining either distance with a 
linker that is longer than the equilibrium value in the Z isomer but is shorter than that in the E 
analog yields 15-20 atom macrocycles, which are strain-free when containing Z stiff stilbene but 
increasingly strained in the E form.  
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Figure 1.7. (A) A schematic comparison of force spectroscopy of localized chemical reactions 
with an AFM that uses a microscopic force probe (left, red) and with a molecular analog based 
on stiff stilbene (right, red).
25
 The comparable sizes of the molecular force probe and the reactive 
moiety (blue) greatly facilitate both the acquisition and interpretation of rate-force relationships 
of such reactions. The structures of Z and E stiff stilbene (B) and the next polyaromatic 
homologue, 1,1′-bis(benzindanylidene) (C), are shown. Notice the difference in the separation of 
a pair of C atoms in the two isomers (the broken arrows). 
Restoring forces of reactive moieties that contribute up to 6 atoms to the size of the 
macrocycle can be varied over ~600 pN in 30-50 pN increments by changing the chemical 
composition of the chains connecting the reactive moiety to stiff stilbene. The molecular size of 
the vast majority of functional groups in chemistry is suitable to yield the required macrocyclic 
series. This method can be extended to even larger reactive moieties by replacing stiff stilbene 
with its polyaromatic homologues, such as 1,1′-bis(benzindanylidene) (Figure 1.7C). 
Strain-free Z macrocycles are readily accessible by intramolecular McMurry coupling, 
which is a general, high-yielding and straightforward protocol to assemble regio- and 
chemoselectively C=C bonds.
72
 Irradiation with ~400 nm light converts these Z macrocycles to 
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the E isomers with up to 28 kcal/mol of strain energy. Accessing such highly strained molecules 
by any other synthetic protocol would in general be quite challenging. Since many functional 
groups of interest to organic, inorganic, and materials chemists are transparent in the 360-400 nm 
window, reliance on photoisomerization to generate restoring forces does not significantly 
narrow the range of reactive groups that can be studied by this method. This is complemented by 
the relative inertness of stiff stilbene to allow systematic studies of diverse reactions, including 
electrocyclic reactions, nucleophilic substitutions, and eliminations. Finally, the high barrier of 
thermal E/Z isomerization of parent stiff stilbene ensures that relaxation of even highly strained 
E macrocycles to Z isomers is often negligibly slow.  
By eliminating microscopic force probes and macromolecular linkers, the molecular 
force probe offers important advantages for understanding chemomechanics.
24-26
 The comparable 
size of the molecular force probe and the reactive moiety allows force spectroscopy on reactions 
in which the reactant and the product geometries differ by <1 Å. The small size of the 
macrocycles makes them amenable to high-level quantum chemical calculations, which yield 
restoring forces without the ambiguities intrinsic to conventional force spectroscopy (see above), 
as well as geometrical parameters of the transition states (including all thermally accessible 
conformers). This modest size also allows mechanistic and kinetic interrogations by the whole 
arsenal of modern spectroscopic methods. Since all measurements are done on molecular 
ensembles rather than single molecules, extrapolation of thermodynamic values from limited-
statistic measurements becomes unnecessary. Finally, analysis of the observed rate-force 
correlations is simplified by a comparatively small number of molecular degrees of freedom that 
control the reaction dynamics. 
1.6 Force spectroscopy with molecular force probes 
A molecular force probe allows chemomechanics of diverse localized reactions to be 
measured and interpreted structurally and mechanistically by integrating molecular design, 
synthesis, kinetic/mechanistic studies and quantum-chemical computations following the steps 
described below.  
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1.6.1 Synthesis 
Chemomechanical studies of each reaction require a series of 5-10 macrocycles of 
systematically varying size. The utility of this method is maximized when diverse series of such 
macrocycles are accessible using the same simple, high-yielding synthetic protocol. Such a 
protocol requires an efficient macrocyclization method compatible with diverse functional 
groups and linker compositions. Intramolecular McMurry coupling of a pair of ketones with a 
Ti/Zn reagent to yield a C=C bond fits the bill, making diverse macrocyclic series accessible 
from four readily available substituted indanones (2-5, Figure 1.8) in 2-5 steps and up to 75% 
overall yields.
72
 To gain further synthetic flexibility, we have developed two variations of the 
overall protocol. In one, a pair of indanones connected by a 7-12 atom linker, which contains the 
reactive moiety of interest, is coupled to yield the desired Z macrocycles. In the other version, 
such macrocycles are obtained by ―plugging‖ reactive moieties into various 6,6′-disubstituted Z 
stiff stilbene diols (6). These diols are obtained on multi-gram scale by McMurry coupling of 
indanones bridged by sacrificial linkers that are too short for the formation of the E stiff stilbene 
core. The linker is removed by reduction. In both cases, asymmetrical macrocycles are as easily 
accessible as symmetrical ones. Irradiation of solutions of Z isomers yields photostationary states 
containing up to 80% of the E isomers.  
 
Figure 1.8. Diverse series of macrocycles (rightmost structures) are synthetically accessible from 
four indanones (2-5) by one of the two routes:
24-26,73
 (A) intramolecular McMurry coupling of a 
pair of indanones bridged by a linker containing the reactive moiety (green), and (B) reaction of 
various stiff stilbene diols (6) with suitable precursors of the reactive moiety (blue). 
Intramolecular McMurry coupling is shown in red arrows. Various chemistries can be used to 
plug in reactive moieties (blue). Figure 1.9 illustrates a few representative linkers (X, X′, Y, Y′) 
we have used. 
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1.6.2 Kinetics 
To eliminate the contribution of linkers to the rate variation across a series of 
macrocycles, we measure the kinetics of the substrate reaction in both isomers and analyze the 
differences, H‡ = H‡Z – H
‡
E and ln(kE/kZ), with the latter equivalent to ln(kf/k0) in eq. 1.3. 
The values of H‡ and ln(kE/kZ) of the highest accuracy are available from competition 
experiments using the photostationary states from irradiation of the Z isomers. Hence, kinetic 
studies do not require isolation of the E isomers. We have developed two methods to obtain such 
data depending on whether the substrate reaction is unimolecular
24
 or bimolecular.
26
 In rare cases 
when strained E stiff stilbene thermally relaxes to the strain-free Z analog at a rate comparable to 
the conversion of the reactive moiety, extracting correct kE and kZ values requires the knowledge 
of the kinetics of E/Z isomerization.
24
 
The progress of many reactions in the macrocycles can be conveniently monitored either 
by high performance liquid chromatography (HPLC) or by changes in the electronic spectra of 
the reactive moiety or stiff stilbene. 
1
H NMR spectroscopy is used to confirm the nature of the 
products. The rates in strain-free Z macrocycles are often similar to those in non-macrocyclic 
reactants, suggesting that their incorporation into a macrocycle introduces little kinetic 
perturbation. The H‡ and S‡ values are obtained from rate constants measured over a 40-50 °C 
range.  
The lifetimes of even the most strained E isomers vastly exceed ~10 ps, which is the time 
it takes for stiff stilbene to dissipate excess thermal energy from the absorbed ~400 nm photon 
that induced photoisomerization. Therefore, in both E and Z isomers, the conversion of the 
reactive moieties to products is always a thermally activated process, making its kinetics 
independent of the mechanism by which the restoring forces have been generated. We use 
photoisomerization for its convenience, but any other process that creates the same restoring 
force in the reactive moiety would have an identical effect on the reaction rate. 
1.6.3 Restoring forces 
The modest size of the macrocycles allows their restoring forces to be obtained directly 
by quantum chemical methods. The first step of such calculations is to establish that they 
correctly reproduce the measured H‡ and G‡ values for all isomers in a series. For all reactions 
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studied so far, density function theory (DFT) with H-GGA or HM-GGA functionals and triple- 
quality basis sets has been sufficient to reproduce the measured energies with chemical accuracy 
(±1 kcal/mol). Solvent-dependent reactions (e.g., SN2 substitutions, see below) are calculated 
with a continuum representation of the reaction solvent, usually within the conducting polarized 
continuum model (CPCM). Benchmarking of quantum-chemical calculations against 
experimental parameters is critical in establishing the validity of the calculated values that are 
inaccessible experimentally (including restoring forces and transition-state geometries). Our 
method remains unique among all experimental and theoretical studies of force-dependent rates 
to allow such benchmarking.
1,35,38,39
 
To reproduce the measured H‡ and G‡ values to within the acceptable accuracy, it is 
essential to identify the conformational global minimum for each kinetically-significant 
structure. The knowledge of thermally accessible conformers also enables the calculations of 
ensemble-average structural differences between the ground and transition states and restoring 
forces. We identify such global minima by exhaustive conformational searches of each 
macrocycle first with molecular mechanics using a Monte-Carlo algorithm, followed by 
reoptimization of a decreasing fraction of the lowest-energy conformers at increasingly higher 
levels of theory. The thermodynamic parameters are obtained within the statistical mechanics 
formalism in the ideal gas, harmonic oscillator, and rigid rotor approximations.  
These thermodynamic parameters are compared against the experimental H‡ and G‡ 
values. When the acceptable level of agreement is achieved across the complete series, the 
corresponding structures are used to calculate the restoring forces at the same level of theory that 
reproduced measured activation parameters. 
At a stationary point on its free-energy surface, a molecule is necessarily in internal 
mechanical equilibrium. In other words, the restoring forces of the strained reactive moiety and 
the molecular force probe in E isomers exactly compensate each other, resulting in zero net force 
on the macrocycle. We have developed several strategies to reveal uncompensated restoring 
forces. Conceptually the simplest one is to quantum-chemically optimize a part of the 
macrocycle in which the reactive moiety is replaced with pairwise harmonic potentials between 
1-2 atom pairs closest to the reactive moiety (Figure 1.10A). 
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Because restoring force is independent of the nature of the constraint, both in the full 
macrocycle and in a fragment with pairwise potentials, the molecular force probe and the linkers 
adopt a geometry whose restoring force exactly compensates that of the constraint. During the 
quantum-chemical optimization of the fragment, the pairwise potentials are adjusted iteratively 
until two criteria are met: (1) the structure of stiff stilbene and the linkers reproduces that in the 
full macrocycle (as judged by the root-mean-square deviation of non-H atoms of the two 
moieties) and (2) each atom’s total force, arising both from the molecular wavefunction and (for 
some atoms) the added pair-wise potentials, is zero.  
The restoring force of the fragment in such converged structure is obtained simply based 
on the difference in separation of all atomic pairs for which potentials were defined from the 
zero-force separation defined for each potential. We prefer to optimize the probe-containing 
fragment rather than the reactive moiety, because the constrained axis of the probe (C6
…C6′) is 
much softer than that of the reactive moiety. This minimizes the errors in forces due to the 
difference between the geometries calculated with pairwise potentials and those in the 
corresponding macrocycles. Moreover, because the force probe is identical for all reactions, 
comparisons of the rate/force correlations of different reactions are fairly insensitive to any 
systematic errors or assumptions of the calculation procedure.  
This procedure is repeated for all thermally-accessible conformers of both isomers of 
each macrocycle in the series to obtain ensemble-averaged restoring forces. Small, but non-zero, 
restoring forces in Z isomers may reflect an intrinsic accuracy of the force calculations.  
Regardless of the molecular origin of the non-zero restoring forces in Z isomers, within the 
formalism of eq. 1.3, the vectoral difference of the restoring forces in the E isomer and its Z 
analog accounts for the ratio ln(kE/kZ).  
This integrated experimental/computational approach yields the data needed to 
understand chemomechanics of localized reactions: (1) measured rate differences between the 
two isomers, (2) calculated differences in the restoring forces that account for the rate 
differences, and (3) the molecular structures of ground and transition states that govern how rates 
and forces are related. In the next section we illustrate our methodology with two elementary 
(i.e., single-barrier) reactions: the homolytic scission of a C-C bond in cyclobutene
24,25
 and 
nucleophilic scission of the S-S bond in a disulfide.
26
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1.7 Applications of molecular force probes: Force-dependent kinetics of 
the C-C and S-S bond dissociations 
A reaction uniquely suitable for quantitative evaluation of chemomechanical models is 
the concerted dissociation of the C-C bond during ring opening of cyclobutene and its derivatives 
(Figure 1.9A). The kinetics and mechanism of this reaction are well-established, as is its 
transition state geometry, which has been calculated at many levels of theory.
74
 Its kinetics is 
insensitive to solvent or substituents; and many derivates are easy to synthesize.
74
 Consequently, 
the reaction has been the subject of several pioneering experimental and theoretical 
chemomechanical studies.
18,38,39
 
The force dependent kinetics of thiol/disulfide exchange (Figure 1.10B) has also attracted 
considerable interest, both from a fundamental physicochemical viewpoint and for its potential 
roles in biological mechanotransduction.
75
 As shown by Whitesides et al. and others, the reaction 
proceeds through a classical SN2 rate-determining step in which thiolate attacks one of the S 
atoms of the disulfide bond (Figure 1.10B).
26,76
 The kinetics of thiol/disulfide exchange in 
stretched titin appears to increase rapidly with force up to ~500 pN, but is only weakly force-
dependent at higher forces.
64
 The originally proposed mechanism, which attributed the 
acceleration to increased intrinsic reactivity of the disulfide moiety due to elongation of the S-S 
bond from the ground to the transition states,
65
 was recently challenged,
64
 making thiol/disulfide 
exchange a reaction of particular interest for investigation by a molecular force probe.  
1.7.1 Synthesis and kinetic measurements. 
The cyclobutene series 7-15 was synthesized in 3-11 steps and 2-34% total yields 
following scheme A (Figure 1.8).
24,25
 Because the S-S bond is incompatible with McMurry 
coupling, the disulfide-containing macrocycles 16-26 were synthesized by the ―plug-in‖ method 
B in 4-6 steps and >10% overall yields.
26,73
 Clean high-yielding macrocyclization was achieved 
by oxidation of thiols under high dilution. 
The activation parameters for the two reactions were obtained by following the reaction 
progress by HPLC. The C-C bond homolysis of cyclobutene in E macrocycles occurred up to 
5×10
6
-fold faster (at room temperature) compared to that in the Z analogs. The acceleration was 
purely enthalpic with the H‡ values ranging from 1.7 ± 0.5 to 9.1 ± 0.9 kcal/mol across the 9-
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macrocycle series. In the E isomers of the smallest macrocycles, 13-15, ring-opening of 
cyclobutene competed with thermal relaxation of the highly-strained E stiff stilbene, decreasing 
the lifetime of the E macrocycles to <100 ms. 
 
 
Figure 1.9. Two series of stiff stilbene macrocycles containing (A) cyclobutene
24,25
 or (B) the 
disulfide bond,
26
 and their reactions. Stiff stilbene is red, the reactive moieties are blue; the 
products of their reactions are green. In the definition of the linkers X and Y, the atom on the 
right is bound to stiff stilbene. 
In contrast, the rate constants of thiol/disulfide exchange in the two isomers of any 
disulfide macrocycle was within a factor of 2, with the correspondingly small values of H‡ 
and S‡. Whereas rate constants of individual isomers manifested the expected strong solvent 
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dependence, the ratios kE/kZ were solvent-independent. The activation parameters in the E 
isomers of the smallest macrocycles (23-26) could only be obtained computationally, as 
irradiation of the Z isomers of 23-26 resulted in homolysis of the S-S bond.
73
 
1.7.2 Computed restoring forces 
All measured H‡ values for the C-C bond scission in cyclobutene were reproduced to 
within ±1 kcal/mol at the O3LYP/6-311G(2d,p) level of DFT. For thiol/disulfide exchange, 
B3LYP/6-311+G* in CPCM using united-atom solute cavities with standard (UFF) atomic sizes 
gave best agreement with the experiment. Computations using explicit solvation (1-2 water 
molecules) as well as CPCM with cavities using HF- or DFT-optimized atomic sizes gave worse 
agreement with the experiment. 
Figure 1.10 illustrates the part of the cyclobutene-containing macrocycles used to 
calculate restoring forces and the calculated values in all nine macrocycles of the series. Since 
force is a vector, its orientation is as important as its magnitude. To convey the directionality of 
the calculated forces, they are presented as projections on and orthogonal to the molecular axis 
defined by the C1/C2 atoms of the reactive moiety. The calculated restoring forces in Z 
macrocycles were <100 pN, not aligned with a particular molecular axis and uncorrelate with the 
macrocycle size (pink and black lines in Figure 1.10B).  
In contrast, the restoring forces in E isomers were closely aligned with the C1
…
C2 axis 
(f║
E
 > f┴
E
, red and green lines) and increased in smaller macrocycles, consistent with chemical 
intuition. The net force (blue line) was obtained by subtracting the force calculated for Z 
macrocycles from that in the E analog. The restoring forces in the transition states of cyclobutene 
ring opening in E macrocycles were ~90% of those in the reactants, reflecting partial 
conformational relaxation of stiff stilbene made possible by the structural changes in the reactive 
moiety between its ground and transition states. On the other hand, the restoring forces in the 
transition states of cyclobutene ring opening in Z macrocycles and of thiol/disulfide exchange in 
both isomers were similar to those of the reactants, as in these cases the formation of the 
transition state did not change the molecular geometry of stiff stilbene. 
The total restoring force that can be generated by stiff stilbene is probably limited to 
~600 pN by the strong force dependence of the quantum yield of its Z→E photoisomerization, 
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which decreased from ~50% in weakly strained macrocycle 7 to <0.1% for the generation of the 
highly strained E isomer of 15.
24,25
 
 
 
Figure 1.10. Restoring forces of cyclobutene across a series of macrocycles 7-15.
25
 (A) A 
schematic illustration of the method for calculating the restoring forces on example of 
macrocycle 15. The fragment of free stiff stilbene and linkers (green) is quantum-mechanically 
optimized with pairwise harmonic potentials. The overlay shows that the structure of stiff 
stilbene and linkers (green) reproduced that in the full macrocycle (stiff stilbene and linkers in 
red, and cyclobutene in blue). (B) Ensemble-average restoring forces in macrocycles 7-15 
projected on and orthogonal to the C1
…
C2 molecular axis. Representative of both series, the 
restoring forces in E isomers are predominantly along the C1
…
C2 axis and correlate inversely 
with the macrocycle size. The forces are small in the strain-free Z analogs. 
1.7.3 Force-rate relationship 
The chemomechanical data for the two reactions is summarized in Figure 1.11. In both 
cases, the ln(kE/kZ)298 K values correlate linearly with the ensemble-averaged restoring force in 
the reactive moiety, which indicates that the first-order (linear) Taylor expansion is sufficient to 
account for strain-induced variation in the rates of these two reactions up to ~500 pN.
25,26
 More 
importantly, the slopes of both correlations (normalized to thermal energy, kBT) equaled the 
ensemble-average elongation of the C1
…
C2 distance (Figure 1.12) of both reactive moieties 
between their ground and transition state geometries (0.85 Å and 0.08 Å). These values are 
comparable to those in free reactive groups and are consistent with the mechanisms of these 
reactions, as described below. 
The importance of this equality is threefold. First, it allows an accurate estimate of the 
rate of these chemical reactions in strained molecules of any size from the knowledge of only its 
restoring force. On the other hand, within the formalism of strain energy, a much more detailed 
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information about molecular structure is required to make similar predictions. Second, the 
equality shows that eq. 1.3 for these reactions is convergent, i.e., the higher order terms make 
increasingly small contributions to the rate constant; for these reactions the quadratic terms 
quantify the Hammond effects (strain-induced distortions of the transition and ground states). 
The relative contribution of the linear and quadratic terms is proportional to the stiffness of the 
reactive moiety and the rest of the molecule. The larger the molecule relative to the reactive 
moiety, the more compliant it is and hence the larger fraction of kf arises from its relaxation, 
which is quantified by the linear term. Localized covalent bond rearrangements in polymers 
should be particularly close to the limit of the dominant linear term, whereas strain-induced 
unfolding of biopolymers is probably closer to the other limit. Indeed, even in fairly small 
highly-strained macrocycles 13-15, the quadratic terms contribute <20% of the observed barrier 
lowering (see below). Finally, the equality provides the first direct experimental evidence that an 
empirical coefficient in the standard chemomechanical equation (eq. 1.2) has a clear molecular 
structural meaning. In other words, within the chemomechanical formalism, the complex nuclear 
motion that transforms the reactant into the transition state can be quantified by changes in a 
single internuclear distance. 
 
 
Figure 1.11. Chemomechanical data acquired with molecular force probe for scissions of the C-C 
(blue) and the S-S (red) bonds.
25,26
 Solid lines are predicted rate enhancements based on the 
linear (first-order) Taylor expansion using the change in the elongation of the C1
…
C2 distance 
(see below) as the value of the linear Taylor coefficient. 
The linear term underestimates the kf values in the smallest macrocycles 13-15 (Figure 
1.12) by a statistically significant amount. The additional acceleration is a manifestation of the 
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Hammond effect, which can either decrease or increase the rate. The Hammond postulate 
demands that a barrier-lowering perturbation distort the reactant and the transition state toward a 
common geometry, thus decreasing the 
    
  
  term in eq. 1.3 (Figure 1.2), and hence kf. 
Physically, the decrease reflects a less significant relaxation of the molecular force probe 
between the ground and transition state geometries of the reactive moiety as these geometries 
become more similar. Indeed, across the series of E isomers of macrocycles 7-15, the elongation 
of the C1
…
C2 distance from the ground to the transition state decreases by 0.25±0.09 Å/nN, 
corresponding to a negative contribution to the quadratic term or equivalently the first order 
Taylor expansion overestimating kf values for the highest forces, opposite to what is observed.  
However, distortions of the reactive moiety may also alter its intrinsic reactivity, for 
example by decreasing the HOMO-LUMO gap. Such strain-induced rate perturbation is 
independent of the conformational relaxation of the rest of the molecule between the ground and 
transition states. In the case of C-C bond dissociation, the negative contribution due to the 
Hammond effect is more than compensated by distortions of the dihedral angles between the C4 
core and the linkers,
25
 which increases the reactivity of cyclobutene and contributes ~1.5 Å/nN to 
the quadratic term. This contribution results from ~10% of the restoring force being orthogonal 
to the C1
…
C2 axis (Figure 1.10B).  
The seemingly counterintuitive difference in the kinetic responses of the C-C and S-S 
bond dissociations two reactions to restoring force can be readily understood by considering how 
the nuclear motion that transforms the reactive moieties into the respective transition states is 
transmitted to the motion of other nuclei of the macrocycles (Figure 1.12). In the 
chemomechanical formalism force describes the energetic consequence of coupling of nuclear 
motion that constitutes a chemical reaction to motion of the rest of the system. In macrocycles 7-
26, the rest of the system is stiff stilbene and its linkers. During the C-C bond scission in 
cyclobutene, the two carbon atoms bound by the scissile bond move apart (by ~0.45 Å in the 
transition state). Because of the changes in bond angles around these atoms, the C1/C2 atoms, 
which connect the reactive moiety to the rest of the system, experience a larger magnitude 
motion (~0.85 Å). This motion occurs largely along the vector of the restoring force of the rest of 
the macrocycle, which by definition is the gradient of strain energy with respect to changes in 
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geometry. It leads to a partial relief of molecular strain, which stabilizes the transition state and 
hence leads to the observed rate enhancements.  
 
Figure 1.12. Restoring force affects rates of those reactions in which nuclear motion that forms 
the transition state is transmitted to the rest of the system. When this net motion occurs along the 
restoring force vector—which is the gradient of strain energy with respect to changes in 
molecular geometry—a fraction of molecular strain is relieved, stabilizing the transition state. 
This situation occurs in the C-C bond scission in cyclobutene (A),
25
 as illustrated by the overlay 
of the reactive moiety in its ground (red) and transition states (blue), calculated at the O3LYP/6-
311+G(2d,p) level of DFT; the direction of the restoring force is shown by the broken arrow. In 
contrast, changes in the bond angles at S2 in S-S bond scission prevent the outward motion of the 
S1/S2 atoms from being transmitted to the rest of the molecule (B).
26
 (C) Generally, the simplest 
form of the Taylor expansion (eq. 1.3) would be adequate when force-dependent kinetics is 
driven by the relaxation of strain in the non-reactive degrees of freedom, represented here by 
stretched springs.  
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The formation of the transition state in thiol/disulfide exchange is also accompanied by 
an outward movement of the two S atoms bound by the scissile bond (Figure 1.12), but this 
motion is not transmitted to the rest of the macrocycle. The reason again is the change in the 
bond angles around the electrophilic S2 atom. In both cyclobutene and disulfide, the initial 
angles at the scissile bonds are 107-105°; they increase to ~118° in the transition state of 
cyclobutene ring opening but decrease to 90° in thiol/disulfide exchange. Such a decrease is 
fully consistent with the established SN2 mechanism of thiol/disulfide exchange, with its pseudo-
trigonal bipyramidal transition state. The formation of this structure requires that the C2 atom 
(Figure 1.12), which connects the electrophilic S2 atom to the rest of the macrocycle, move into 
the equatorial plane towards C1. Thus the relative motion within the S1/S2 and C1/C2 atom pairs 
occurs in the opposite direction, negating each other. The SN2 mechanism of thiol/disulfide 
exchange uncouples the elongation of the S-S bond from the rest of the molecule. Consequently, 
thiol/disulfide exchange is intrinsically insensitive to restoring force along the scissile bond. This 
conclusion may appear counterintuitive based on our experiences from the macroscopic world, 
but is fully consistent with the observations of others that thiol/disulfide exchange kinetics is 
remarkably insensitive to molecular strain of the disulfide.
77,78
 
It has been often assumed that generating a restoring force along a scissile bond would 
always accelerate its dissociation, because the atoms bound by the scissile bond would move 
apart along the force vector resulting in partial relief of molecular strain. As appealing as this 
notion might be, the reality is more complex. Such an oversimplification neglects the fact that 
the energy penalty of elongating a dissociating bond can often be minimized by adjusting other 
bonding parameters of the atoms near the scissile bond, particularly bond angles. If such changes 
in bond angles decouple the elongation of the scissile bond from nuclear motion elsewhere in the 
molecule, no mechanism exists to lower the strain in the transition state. Nonetheless, it appears 
that a single internuclear distance can be found that captures the complexity of geometrical 
changes during the chemical reaction. This preserves the intuitively appealing notion that 
changes in the activation energies with restoring forces are determined by changes in the 
―length‖ of the reactive moiety along the force vector (Figure 1.12C). 
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1.8 Conclusions and outlook 
Multiscale phenomena, lying at the interface of chemistry, materials science, 
nanoscience, and biology, offer complexity that will continue to intrigue and challenge chemists 
for decades to come. Chemomechanical approaches based on the concept of molecular restoring 
force hold promise for gaining a truly molecular understanding of energy flows across multiple 
length scales resulting from coupled motion of atoms, molecules, and macroscopic objects. They 
also offer the potential for exploiting such understanding for efficient design of new functional 
materials and for control of directional translation at the nanoscale. 
Realization of this potential requires a general, quantitative, and predictive framework to 
relate molecular restoring forces to changes in reaction rates. Localized covalent bond 
rearrangements constitute the most conceptually tractable systems to develop this framework. 
Yet, their systematic studies are particularly challenging using the microscopic force probes that 
have been the standard method for controlling molecular restoring forces. A molecular force 
probe eliminates many constraints of its microscopic counterparts, thus greatly facilitating the 
acquisition and interpretation of kinetics of localized chemical reactions as a function of the 
restoring forces. Here we illustrated the potential of the molecular-force-probe approach by 
describing how it allowed us to validate experimentally the most widely used chemomechanical 
model (eq. 1.2) for the first time, to evaluate its predictive capabilities, to understand the 
molecular basis that govern how rates and forces are related, and to discover the unanticipated 
richness of such rate/force correlations.  
Molecular understanding of the relationship between molecular restoring forces and 
chemical reactivity is still in its infancy. It seems likely that useful generalization will emerge as 
the technique of molecular force probe described here is applied to structurally diverse reactants 
and mechanistically diverse reactions, and broad comparisons are drawn both within such studies 
and with results of other forms of force spectroscopy, computations and classical studies of 
strained molecules. The two reactions discussed here represent two major classes of reaction 
mechanisms, increasing our confidence that the chemomechanical formalism will be valuable in 
gaining deeper understating of chemical reactivity both in multiscale phenomena and in small 
molecules. Ultimately, chemical intuition would develop to make the concept of molecular 
restoring force a valuable guide to discover new chemical reactivity. 
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Our results show that even the simplest chemical reactions—dissociation of single 
covalent bonds—respond to force in ways that are more complex than could be guessed from 
macroscopic experience. We suggest that molecules could be designed to fragment along an axis 
orthogonal to their restoring force and to become more stable toward dissociation in response to 
stretching force. Reactions that proceed through pre-equilibria prior to the rate-determining step 
would likely manifest much more complex force-rate dependences than predicted by eq. 1.3, as 
different intermediates and transition states should in general be stabilized or destabilized by 
restoring force to different degrees.  
To date, studies of chemomechanical kinetics have focused on thermal reactions, whereas 
the largely unexplored photochemical kinetics in the presence of restoring force probably plays a 
critical role in governing the behaviour of photoactuating polymers and certain molecular 
devices.
13,68
 The approach we described above is well suited for measuring the quantum yields of 
diverse photochemical processes as a function of the restoring force. Yet, molecular 
interpretation of such data will be far more challenging since quantum-chemical calculations of 
conical intersections and other dynamic bottlenecks on electronically excited surfaces are much 
more problematic that those of stationary points in thermal processes. 
Finally, chemomechanics holds great potential in guiding the design of new stress-
responsive materials, including self-assessing and self-healing polymers, and artificial muscles. 
Using the approach of molecular force probe, it is now possible to design libraries of monomers 
whose reactivity in stressed polymers could be predicted with useful accuracy before the 
polymer is synthesized and its mechanical properties are studied. This capability should allow a 
polymer chemist to select monomers whose strain-induced reactivity would best match that 
necessary to yield polymers with desired responses to bulk stresses. 
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2.1 Abstract 
Force probes
1
 allow reactions rates to be measured as a function of the restoring force in 
a molecule that has been stretched or compressed. Unlike strain energy,
2
 approaches based on 
restoring force enable quantitative molecular understanding
3
 of phenomena as diverse as 
translation of microscopic objects by reacting molecules,
4-6
 crack propagation,
7,8
 and 
mechanosensing.
9
 Conceptually, localized reactions offer the best opportunity to gain 
fundamental insights into how rates vary with restoring forces but such reactions are particularly 
difficult to study systematically using microscopic force probes.
10-14
 Here we show how a 
molecular force probe, stiff stilbene, simplifies force spectroscopy of localized reactions. We 
illustrate the capabilities of our approach by validating the central postulate of chemomechanical 
kinetics
15—force lowers the activation barrier proportionally to the difference in a single 
internuclear distance between the ground and transition states projected on the force vector—on 
a paradigmatic unimolecular reaction: concerted dissociation of the C-C bond. 
2.2 Introduction 
In addition to comprising the most tractable systems for testing and improving kinetic 
models that incorporate force as a variable (so called chemomechanical models), covalent 
reactions of functional groups underlie many processes at the interface between molecular and 
microscopic scales, from operation of motor proteins
4
 and their synthetic analogs,
5,16
 to 
fragmentation of macromolecules in shear flows
17,18
 and upon surface absorption.
19
 The potential 
of the force formalism to support quantitative molecular description of these processes is rooted 
in the size-invariant nature of molecular restoring force,
3
 i.e., the relationship between the 
restoring force and rate is the same whether the reacting moiety is a part of a stretched polymer 
or a properly-designed small molecule.  
Consequently, chemomechanical kinetics of localized reactions may be studied more 
productively by replacing the microscopic force probe with a molecular one (Figure 2.1): an 
inert molecule whose restoring force can be varied systematically in <50 pN increments over at 
least 500 pN range by constraining a single internuclear distance. By incorporating a functional 
group of interest (substrate) in the linker that constrains this distance and varying the length 
and/or conformational flexibility of this linker a homologous series of macrocycles with 
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increasing restoring force is synthesized. Standard methods of chemical kinetics are suitable for 
measuring the activation enthalpies and entropies of the substrate reaction. The restoring forces 
are available from high-level quantum-chemical calculations, whose accuracy is benchmarked 
against the experimental activation parameters. Studies of functional groups reactivities by 
microscopic force probes are complicated not only by the inherent challenges of resolving 
localized reactions in macromolecules but also by the difficulties of measuring activation 
parameters, the lack of product characterization and the need for empirical models to estimate 
the molecular restoring force from distortions of the force probe, with concomitant uncertainties 
in the relative orientations of the force vector and the reacting moiety.
10-12,20
 By eliminating these 
limitations, a molecular force probe would significantly simplify both the acquisition and 
interpretation of ensemble-average force-rate data. 
We are unaware of any reported series of strained molecules across which rate variations 
could be interpreted within the force formalism, which we attribute to the design of such 
molecules that traditionally focused on maximizing distortions of the reacting moiety within 
disparate molecular scaffolds.
2,21,22
 We propose that studies of strained molecules can yield 
fundamental insights into the relationships between rates and restoring forces if they utilize a 
molecular moiety (force probe) that satisfies three criteria. First, a probe that is larger and more 
structurally anisotropic that the functional group bound to it would localize the kinetically-
significant strain primarily in the non-reactive part of the macrocycle, minimizing changes in 
intrinsic barrier due to distortions of the reacting moiety, which cannot generally be 
accommodated within the modern chemomechanical models.
15
 Second, a probe compatible with 
diverse functional groups and chemical reactions would facilitate establishing broad trends by 
minimizing the importance of the exact procedure for quantifying the restoring force. Third, the 
probe design should allow large restoring forces to be accessed without the traditionally daunting 
syntheses of highly strained molecules.
21,22
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Figure 2.1. Microscopic versus molecular force probes. Force spectroscopy studies reaction 
kinetics as a function of the restoring force of a stretched or compressed reactant. Microscopic 
force probes (left) are suited for reactions involving nm-scale structural changes such as protein 
unfolding. However, their surface roughness and thermal fluctuations obscure most localized 
chemical reactions. The latter are amenable to studies with a molecular force probe, such as stiff 
stilbene (red moiety in the right panels) – an inert molecular fragment whose restoring force is 
easily incrementable over hundreds of pico-Newtons (pN) by constraining a single internuclear 
distance. Series of strained macrocycles containing E stiff stilbene are distinct from all 
previously reported strained molecules in enabling the application of the restoring force 
formalism, which has hitherto been limited to reactions of polymers, to much smaller and more 
tractable molecules. The linkers are connected to the C6,C6’ atoms of stiff stilbene. 
Stiff stilbene (1,1-biindane, Figure 2.1), which has two stable structurally distinct 
isomers, appears unique in satisfying these criteria. Bridging the C6,C6’ atoms of E stiff stilbene 
with a linker of ~14 atoms or fewer generates a strained macrocycle. Because many functional 
groups in chemistry contain <10 non-H atoms,
23,24
 series of macrocycles of varying strain should 
be accessible for most such groups, making diverse types of thermal reactions, including 
nucleophilic substitutions, eliminations and electrocyclic reactions, amenable to force-
spectroscopic studies. The large difference in the C6
…C6’ distance between the Z and E isomers, 
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the high thermal barrier that separates the isomers and their clean photoisomerization by ~400 
nm light makes macrocycles with up to 30 kcal/mol of strain energy readily available upon 
irradiation of strain-free Z analogs. Macrocyclic series of many functional groups are accessible 
from the same set of stiff stilbene derivatives in one-step reactions at little additional synthetic 
cost. The availability of strain-free Z isomers offers additional advantage in that the differences 
in the activation parameters between the two isomers can be measured and calculated with higher 
accuracy than individual values and are free from kinetic perturbations, such as polar effects, that 
are not accommodated within the force formalism.  
Here we illustrate the use of stiff stilbene as a molecular force probe by demonstrating (1) 
up to 5106-fold acceleration of a paradigmatic unimolecular reaction25—electrocyclic 
dissociation of the C-C bond in trans-3,4-dimethylcyclobutene – across a series of 9 macrocycles 
(Figure 2.2) and (2) the exponential dependence of the measured rate on the calculated restoring 
force of the non-reactive part of the macrocycle (Figure 2.3). Except for the smallest 
macrocycles 1-3, the standard chemomechanical model
15
 based on the separation of the methyl 
carbons of trans-3,4-dimethylcyclobutene as a one-dimensional reaction coordinate predicts well 
the observed rate enhancements (Figure 2.4). Because the geometry of the transition state of the 
C-C bond dissociation in cyclobutenes is well established,
26
 the results calibrate the method of 
quantifying the restoring force of strained stiff stilbene and define a reference dataset for 
comparisons with other reactions whose transition states remain controversial. 
2.3 Results and discussions 
We synthesized the Z isomers of macrocycles 1-9 in 3-11 steps and 2-34% total yields 
from commercial indanones using McMurry coupling
27
 to effect macrocyclization. The E 
isomers were prepared by irradiating dilute solutions of the Z analogs in hexanes at 365-375 nm 
until the photostationary state was reached. The kinetics of the substrate reaction in all Z isomers 
and in E isomers of 4-9 was measured by heating each macrocycle as an alkane solution in the 
dark at 343-413 K (Z isomers) or 313-383 K (E isomers), which resulted in clean C-C bond 
dissociation. The enthalpies and entropies of activation were derived from linear Eyring plots. 
The E isomers of 1-3 were too thermally labile to be isolable. We continuously irradiated a 
solution of each Z isomer at temperatures (313-363 K) that were too low for it to react thermally. 
Under these conditions we observed an accumulation of the diene products (Figure 2.2b) at rates 
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that depended both on temperature and photon flux. The measured dependence was consistent 
with a photochemically generated thermally-labile intermediate, the E isomer, and yielded the 
activation enthalpy of the substrate. Our tests indicated that upon photoisomerization stiff 
stilbene dissipated excess energy before the substrate reaction could occur, i.e., ―hot ground 
states‖ were kinetically insignificant. 
 
Figure 2.2. The experimental system used to illustrate the use of a molecular force probe – stiff 
stilbene (red) - for studies of chemomechanical kinetics of localized reactions. a, The substrate 
reaction. b, The general structure of the macrocycles. c, The chemical composition of the linkers. 
The macrocycles are numbered in the order of decreasing H‡exp – the difference in the 
activation enthalpy of the substrate reaction in the Z and E isomers of the same macrocycle. 
The acceleration of the C-C bond dissociation across the series of 1-9 was primarily due 
to a decrease in its activation enthalpy: H‡exp = H
‡
Z- H
‡
E increased from 1.70.5 kcal/mol 
in the largest 20-atom macrocycle, 9 to 9.10.7 kcal/mol in the smallest 16-atom congener, 1 
(Figure 2.3a). 
To obtain the restoring forces we first optimized all conformers of the ground and 
transition states (Figure 2.2a) of each macrocycle at the O3LYP/6-311G(2d,p) level of the 
density functional theory. These calculations accurately reproduced the measured activation 
enthalpies and entropies (Figure 2.3a), suggesting comparable accuracy of the calculated 
restoring forces.
28
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Figure 2.3. Kinetic and force data for macrocycles 1-9. a. Measured (blue) and calculated (red) 
difference in the activation enthalpies of the substrate reaction in the Z and E isomers of the same 
macrocycle, H‡; the error bars define the 95% confidence interval. The activation entropies 
were small and varied little across the series (Supplementary Table 9). b. Restoring forces of the 
non-reactive part of the macrocycle were calculated quantum-chemically using fragments 
obtained by replacing C4H4 with a pair of H atoms (example of E-1 is shown, C, O and H atoms 
are grey, red and yellow, respectively). The forces are presented as components along (f||) and 
orthogonal (f) to the CH3
…
CH3 axis; <> signifies forces averaged over multiple structures along 
the reaction path. For all fragments the total restoring force of one indanyl group and its attached 
linker was equal in magnitude and opposite in sign to that of the other indanyl group and its 
linker regardless of the fragment symmetry. 
In macrocycles the restoring force of strained stiff stilbene is exactly balanced by that of 
the substrate. Excising C4H4 and adding H atoms to the newly terminal CH2 groups (Figure 2.3b) 
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reveals the uncompensated atomic forces, which we quantified by two independent quantum-
chemical methods. In one, we calculated the analytical derivatives of the electronic energy with 
respect to the position of each atom, which gave the force experienced by each nuclei due to its 
unfavorable bonding geometry (strain). In the other we added external force only to the terminal 
C atoms and the O (or S in 2 and 3) atoms connected to them and varied these external forces 
until the original structure became a local energy minimum, i.e., until the external forces exactly 
compensated the total internal force of the strained fragment. For each fragment, the vectorial 
sums of forces on the atoms of each indanyl moiety and its linker (Figure 2.3b) were equal, 
giving the total restoring force. Because the relaxation of stiff stilbene during the substrate 
reaction decreases its restoring force we averaged forces calculated for a series of structures 
along the dissociation path.  
The forces obtained by the two methods were similar (Figure 2.3b), indicating that a 
single force vector is appropriate for quantifying the total molecular strain. The forces in the E 
stiff stilbene-containing fragments were primarily along the CH3
…
CH3 axis and correlated 
inversely with the macrocyclic size. Forces in the fragments of largely strain-free Z isomers were 
small and similar in all fragments, probably reflecting the steric and electronic perturbations 
resulting from macrocycle fragmentation, such as repulsion between the added H atoms. 
Consequently, we used differences <f||
E
>-<f||
Z
> (Figure 2.3b) and <f
E
>-<f
Z
> as the restoring 
force of the non-reactive part of E macrocycles. In all macrocycles the orthogonal term was 
small.  
The data above offer the first opportunity to test the key postulate of the standard 
chemomechanical kinetic model
15
, that restoring force lowers the activation barrier 
proportionally to an ensemble-average difference of a single internuclear distance between the 
ground and transition states projected onto the restoring force vector. The observed accelerations 
in macrocycles 4-9 is predicted accurately using the difference in the separation of the methyl 
groups in the ground and transition states of free trans-3,4-dimethylcyclobutene (Figure 2.4a, red 
line). Contrary to conventional notion,
11,15
 predictions based on the elongation of the scissile 
bond (green line) were poor, reflecting the importance of the changes in the angles involving the 
scissile bond in determining the reaction barrier. We suggest that scissile bonds are rarely if ever 
adequate single coordinates for the standard chemomechanical model. The standard model based  
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Figure 2.4. Validation of the single-coordinate model of chemomechanical kinetics. a. The 
measured accelerations of C-C bond dissociation in 1-9 versus the predictions based on the 
elongations of the CH3
…
CH3 distance (red line) and dissociating bond (green line) in trans-3,4-
dimethylcyclobutene and after accounting for the contributions of the orthogonal degrees of 
freedom as H
‡
 (black triangles). The fcos(40
o
) term in the formula for the single-coordinate 
model based on the dissociating bond gives the projection of the restoring force on the 
dissociating bond, which forms ~40
o
 angle with the CH3
…
CH3 axis; k is the Boltzmann constant 
and T is absolute temperature. b. Relative differential activation enthalpies due to the relaxation 
of the non-reactive part of the macrocycle in the transition state of the substrate reaction (blue), 
and due to the distortion of the substrate along (red) and orthogonal to (black) the restoring force 
vector; <lE> is the Boltzmann-weighted average difference in the separation of the CH2 groups 
closest to the dissociating bond between the ground and transition states of each macrocycle. The 
sums of the three fractions deviate slightly from 1 because of the approximations inherent to 
estimates of H||
‡
 and H
‡
 and the contributions of neglect degrees of freedom to H‡exp. c. 
Cartoon representation of the method of estimating the decrease in the intrinsic activation 
enthalpy due to the distortion of the substrate along the restoring force vector; blue and red 
curves are relative electronic energies along the reaction path in a Z and E macrocycle, EZ and 
EE, respectively as a function of the CH2
…
CH2 separation, l. Because the zero-point-energy and 
thermal corrections to the activation energy are close for the two isomers of the same 
macrocycles, H‡|| can be approximated as the difference of electronic energies, E
‡
Z-E
‡
||. 
Shown are calculated reaction paths in 1. d. Cartoon representation of the method of estimating 
the lowering of the activation enthalpy of the substrate reaction due to degrees of freedom 
orthogonal to the CH2
…
CH2 single coordinate of the standard chemomechanical model, H
‡
; 
E-1 shown as example, H atoms are omitted for clarity. 
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on any internuclear distance underestimated the observed accelerations in the smallest 
macrocycles 1-3 by >100-fold.  
Deviations from the standard model are typically ascribed to changes in the intrinsic 
reaction barrier due to distortions of the reacting moiety (as opposed to conformational 
relaxation of the non-reactive part).
15
 According to the Hammond postulate,
29
 any barrier-
lowering perturbation distorts the ground and transition state toward a common geometry. In 
macrocycles 1-9, the difference between the E and Z isomers of the Boltzmann-weighted average 
elongation of the CH2
…
CH2 distance closest to the scissile bond (Figure 2.4c, lZ-lE) between 
the ground and transition states decreased from ~0 Å at 200 pN (1-2) to -0.11 Å at 500 pN (9). 
As a result, the fraction of the barrier lowering due to relaxation in the transition state of the non-
reactive part of the macrocycles decreased steadily as the force increased (blue diamonds, Figure 
2.4b). It was partially compensated by a decrease in the intrinsic barrier of the C-C bond 
dissociation (H‡||, red points in Figure 2.4b and Figure 2.4c). Overall, however, accounting for 
distortions of the reacting moiety along the force vector further decreased the predicted rate 
accelerations. 
An alternative explanation for the failure of the standard model is its neglect of internal 
degrees of freedom orthogonal to the CH2
…
CH2 axis. To estimate their enthalpic contributions, 
we optimized all conformers of the ground and ring-opening transition states of trans-(cyclo-
C4H4)(CH2OCH3)2 (and the corresponding thio derivatives, Figure 2.4d), identified the 
conformers that best reproduced the geometries of the corresponding moieties in each isomer of 
macrocycles 1-9 and calculated the differences of the activation enthalpies of C-C bond 
dissociations between these conformers, H‡ = H
‡
Z -H
‡
E. The inclusion of H
‡
, which 
reached ~50% of the measured differential enthalpy of activation (black triangles, Figure 2.4b), 
improved the predicted rate accelerations (black triangles, Figure 2.4a). 
In summary, the standard model based on the scissile bond elongation underestimates 
observed accelerations at any force, indicating that the scissile bond is a poor approximation of 
the full reaction coordinate. The change in the separation of the terminal methyl groups of trans-
3,4-dimethylcyclobutene captures the reaction-coordinate contributions of the angles involving 
the scissile bond and permits accurate predictions of rate enhancements up to ~450 pN. At even 
higher forces, the contributions of the degrees of freedom orthogonal to the CH3…CH3 axis 
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become important, which, however, cannot be accommodated within the standard model 
accounting for the >100-fold underestimation of the observed accelerations at forces >450 pN. 
Distortions of the reacting moiety along the force vector decrease the enthalpy gain due to 
relaxation of the non-reactive part of macrocycles, partially offsetting the barrier-lowering 
contributions of the neglected orthogonal degrees of freedom. 
2.4 Conclusions 
The data we described illustrate the use of a molecular force probe to study relationships 
between restoring forces and kinetics of localized reactions. Restoring forces up to ~600 pN are 
readily obtained by photoisomerization of stiff stilbene and are limited by the quantum yield of 
ZE and activation barrier of thermal EZ isomerizations. Larger forces should become 
accessible if stiff stilbene derivatives whose isomerization kinetics is less sensitive to restoring 
force could be invented. The modest size of macrocycles permits accurate quantum-chemical 
calculations, which are essential for molecular interpretation of the observed rate-force 
correlations and testing the key postulates of chemomechanical kinetics.
3,15
 The surprisingly 
good performance of the standard model in the C-C bond dissociation is attributable partially to 
mutual cancellation of neglected effects. Such cancellation is unlikely to be unique for 
cyclobutene, suggesting that the standard model may be quite robust. Our method is well suited 
to test this supposition broadly. If correct, it would also permit a series of increasingly strained 
stiff stilbene to be used as a molecular ruler: the dimensions of transition states that cannot yet 
be calculated reliably could be obtained by comparing the slopes of the measured rate-force 
relationships for such reactions with that for the cyclobutene reference reported here. 
2.5 Experimental 
2.5.1 Materials and equipment 
Commercial reagents of the highest available purity were purchased from Aldrich, Fisher 
and/or VWR and were used without further purification unless stated otherwise. Analytical and 
preparative thin layer chromatography (TLC) was performed on silica gel 60 (Fisher and 
Aldrich, respectively). HPLC was performed on a Waters system with 600E multisolvent 
delivery system, 996 photodiode array (PDA) detector, and Rheodyne 7725i manual injector, and 
on a Beckman System Gold with model 125 solvent module and model 166 single-wavelength 
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detector, using a J.T. Baker silica gel column (column: 25 cm by 4.6 mm (ID), stationary phase: 
5 m diameter). UV-vis spectra were recorded on Cary 50 UV-vis spectrometer using custom-
made temperature-controlled cell holders with active feedback that allowed us to maintain a set 
temperature to within 0.5 ºC. Photoisomerization was performed in thermostated vessels using 
high-intensity diode light sources from Opto Technology with light output at 365±7 nm, 375±7 
nm or 395±7 nm. Light intensity was controlled with a custom-made constant-current controller 
and photon flux reaching the cuvettes was measured with the standard K3Fe(C2O4)3 chemical 
actinometer.
30,31
 High-resolution mass spectrometry (HRMS) was performed on Q-ToF Ultima 
mass spectrometer at the University of Illinois Mass Spectrometer Center. 
1
H NMR spectra were 
recorded on 400 or 500 MHz Unity-INOVA Varian spectrometer at 211 oC and are reported as 
chemical shifts in ppm relative to TMS. Spin multiplicities are reported as a singlet (s), doublet 
(d), triplet (t), quartet (q) and quintet (quint) with coupling constants (J) given in Hz, or multiplet 
(m); broad peaks are denoted br. The peaks were assigned with the aid of additional 2D NMR 
spectra and by comparison with analogous reported compounds. 
2.5.2 Spectroscopic characterizations 
Detailed synthesis of Z-1–Z-9, 1H NMR spectra of Z-1 through Z-9, Z-1-diene through Z-
9-diene and E-1-diene through E-9-diene, and the corresponding spectra were reported 
previously.
32
 The E isomers were prepared by photoisomerization of the Z analogs. The Z 
isomers of macrocycles containing the diene product of cyclobutene ring opening were prepared 
by heating Z-1 through Z-9 in toluene at reflux. E-1-diene through E-9-diene were prepared by 
photoisomerization of the respective Z isomers. 
The UV-vis spectra of all isomers of each macrocycle are tabulated in Table 2.1 and 
shown in Figure 2.5; the high-resolution mass spectrometric data are presented in Table 2.2. The 
HPLC retention times for all relevant species are tabulated in Table 2.3 and the chromatograms 
showing chemical homogeneity of the primary synthetic targets (Z-1 through Z-9) are shown in 
Figure 2.6.  
The 
1
H NMR spectra are characterized by the presence of a large number of 
diastereotopic protons. In Z-1 through Z-9, the methine hydrogens of the cyclobutene moiety are 
distinguished by unusually large coupling (9-11 Hz) to the diastereotopic methylene protons and 
the absence of coupling to each other in asymmetric macrocycles. As a result, the methine 
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hydrogens always appeared as highly characteristic triplet(s). The methylene protons of the 
cyclobutene moiety appeared as two (symmetric macrocycles 1, 3, 8 and 9) or 4 doublet of 
doublets of slightly 2
nd
 order. The chemical shifts of these methine and methylene protons vary 
significantly among macrocycles, probably reflecting shielding/dishielding by the phenyl groups 
of stiff stilbene, which can change dramatically as a result of only minor changes in the relative 
positions of the two groups. The unusually downfield position of the ortho-H is characteristic of 
the Z isomers. 
Isomerization of the stiff stilbene moiety to the E configuration results in characteristic 
upfield shifts of the o- and o’- protons, since they become removed from the deshielding field of 
the adjacent phenyl ring. Protons of the substrate (either cyclobutene or hexadiene) and the 
linkers also move upfield as they are now placed over the two phenyl rings.
32
 The presence of 
two diastereomers in the E isomers of macrocycles 3–9 and the very low molar fraction of the E 
isomers of the remaining macrocycles at the photostationary states have so far prevented us from 
assigning the spectra of the E-1 through E-9. We established that the species obtained upon 
photoisomerization of Z-3 through Z-9 are the E analogs based on (i) upfield shifts of the o- and 
o’- protons of the stiff stilbene moiety and the methine protons of the cyclobutene moiety in 
these species; (ii) their UV-vis spectra (Figure 2.5), which were highly characteristic of a stiff 
stilbene chromophore in the E configuration. We studied extensively the effect of E/Z 
conformation of stiff stilbene on the UV-vis spectra of macrocycles containing it using analogs 
of 1-9 in which the cyclobutene moiety was replaced with an aliphatic chain while preserving the 
total size of the macrocycle. Both isomers of these analogs were fully characterized 
spectroscopically and the relationship between the UV-vis spectra of their E and Z isomers were 
the same as those observed for the E and Z isomers of macrocycles 3-9. Finally, both 
diastereomers of each E isomer of 1-9 converted into a single species whose chromatographic 
and spectroscopic properties were identical to authentic samples of E-1-diene through E-9-diene 
(Figure 2.2), which were prepared independently and fully characterized.
32
 
UV-vis spectra of the macrocycles are dominated by the stiff stilbene chromophore 
(Figure 2.5 and Table 2.1); the E isomers typically manifested higher extinction coefficients, 
better resolved vibrational structure and were blue-shifted compared to the Z analogs. 
Incorporation of the stiff stilbene chromophore in the macrocycles red-shifted its absorption by 
20 nm compared to free stiff stilbene for both isomers. Each alkoxy substituent at the stiff 
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stilbene chromophore red-shifted it absorption by an additional 5 nm (e.g., macrocycles 3, 8 or 9 
vs. macrocycles 1 or 3 vs. macrocycles 4-6). 
1       2 
 
3       4 
 
5       6 
 
Figure 2.5. Absorption spectra of the reactants, Z-1 through Z-9, and E-4 through E-9 (both 
diastereomers); and the products, Z-1-diene through Z-9-diene and E-1-diene through E-9-diene. 
The uncertainty of the absolute extinction coefficients is ~15%; the uncertainty of the relative 
extinction coefficients for all species of the same macrocycle is approximately 5%. 
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Figure 2.5 (cont.).  
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Table 2.1. Summary of the peak positions (in nm) and their absolute extinction coefficients (in 
M-1cm-1) of the absorption spectra of the reactants: Z-1 through Z-9, and E-4 through E-9 (both 
diastereomers); and the products, Z/E-1-diene through Z/E-9-diene; sh indicates shoulder. 
 reactant (cyclobutene-containing 
macrocycles) 
product (hexadiene-containing 
macrocycles) 
 Z- E- (disaster. 1) E- (disaster. 2) Z-diene E-diene 
1 
345 (16500), 
333 (18600), 
306 (8900), 
294 (8400) 
  346 (12100), 334 
(13000), 299 (sh, 
6600) 
347 (16900), 
334 (18600), 
305 (9400), 
294 (9300) 
2 
352 (sh, 
17600), 341 
(18600), 295 
(sh, 7500) 
* * 352 (sh 15700), 
340 (16500), 307 
(6500), 294 
(6700)  
352 (18200), 
336 (19400), 
298 (sh, 7600)  
3 
351 (sh, 
17000), 338 
(18600), 308 
(10000), 297 
(9700), 
* * 351 (15000), 338 
(16000), 307 
(7800) 296 
(7600) 
352 (14900), 
336 (15600), 
318 (9400), 
302 (sh, 7600) 
4 
352 (18100), 
340 (19200), 
296 (sh, 7400) 
352 (sh, 24200), 
345 (24500), 
301 (10700)  
# 353 (sh, 18200), 
341 (19400), 295 
(7700) 
348 (23400), 
335 (24000), 
298 (sh, 
10700) 
5 
354 (18700), 
345 (19200), 
298 (sh, 6300) 
355 (21600), 
311 (7300), 345 
(21900), 297 
(7100)  
353 (22900), 
341 (sh, 
21900), 309 
(sh, 7600), 296 
(8900) 
355 (18900), 345 
(19200), 297 
(6400) 
351 (20300), 
336 (20500), 
297 (8900)  
6 
352 (17500), 
340 (18200), 
297 (sh, 7800) 
353 (17800), 
340 (18500), 
311 (sh, 8600), 
298 (8700) 
351 (24500), 
338 (26100), 
298 (11200) 
353 (sh, 17900), 
341 (18900), 295 
(8200) 
345 (31300), 
332 (32500), 
296 (sh, 
15700) 
7 
358 (17800) 
345 (18200), 
298 (5600) 
357 (18000), 
344 (18600), 
297 (6300) 
353 (23900), 
340 (24300), 
298 (10300) 
358 (17600), 344 
(18200), 298 
(6000) 
352 (20600), 
336 (20900), 
295 (9000) 
8 
347 (sh, 
16300), 333 
(18200), 304 
(9800), 294 
(9500) 
351 (sh, 20300), 
338 (21900), 
302 (sh, 11700) 
351 (sh, 
19700), 336 
(21600), 299 
(sh, 11200) 
349 (sh, 17700), 
335 (20100), 304 
(9900), 295 
(9700) 
342 (21200), 
328 (22600), 
295 (11900) 
9 
348 (sh, 
17600), 335 
(19400), 305 
(9000), 294 
(8700) 
342 (30500), 
329 (33100), 
294 (15800) 
345 (27100), 
330 (29600), 
294 (13600) 
348 (sh, 17600), 
335 (19300), 305 
(8800), 294 
(8400) 
344 (36100), 
328 (39400), 
292 (17700) 
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Table 2.1 (cont.). * the molar fraction of the E isomer at the photostationary states of 
macrocycles 1-3 was too low for the E isomers to be isolated and characterized; 
# only one diastereomer was obtained. 
 
The extinction coefficients of the E isomers and the diene-containing Z macrocycles were 
derived from those of Z-1 through Z-9 as follows:  
1. E-4 through E-9: a sample of a Z isomer was irradiated until the photostationary state 
was established; by collecting the UV-vis spectra of this sample as the photostationary state was 
being established, the isosbestic point(s) was identified. We assumed that at the isosbestic 
point(s) the extinction coefficients of all three species (the Z isomer and the two diastereomers of 
the E analog) were equal. The components of the photostationary mixture were separated by 
HPLC and the absorption spectrum of each diastereomer of the E isomer was measured. Since 
the extinction coefficients of these diastereomers at the wavelength of the isosbestic point(s) 
equal the known extinction coefficient of the Z isomer, eZ(iso), the extinction coefficients at any 
other wavelength, , were obtained by scaling the measured spectra by eZ(iso)/A(iso), where 
A(iso) is the measured absorbance at the isosbestic point.  
2. Z-1-diene through Z-9-diene: an NMR sample of a Z isomer was heated until 50% of 
it converted to the corresponding Z-diene product; the molar ratio of the reactant and the product 
was quantified by the integration of the corresponding NMR peaks. An aliquot of this mixture 
was analyzed by HPLC recording the absorption spectra of the two HPLC bands (reactant and 
product). The extinction coefficient of the Z-diene species at wavelength, , eZ-diene() = 
[eZ()(IAZ-diene()/IAZ())(molar fraction of the Z-reactant)/(molar fraction of the Z-diene)], 
where eZ() is the absolute extinction coefficient of the reactant, Z isomer, at , and 
IAZ-diene()/IAZ() is the ratio of the integrated absorbances of the two HPLC bands at . 
3. E-1-diene through E-9-diene: The NMR sample from 2 was heated until only the Z-
diene product was observed; the sample was irradiated at 3757 nm until the photostationary 
state between the E-diene and Z-diene isomers established; the ratio of the two isomers was 
determined by integration of the corresponding NMR peaks in the spectrum of the 
photostationary mixture. An aliquot of this mixture was analyzed by HPLC as in 2 and the 
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extinction coefficient eE-diene() was derived from the same formula as in 2, replacing eZ() with 
eZ-diene() determined in 2. 
 
Table 2.2. High-resolution mass spectrometry data on all synthetic target macrocycles, Z-1 
through Z-9 and the corresponding diene products. 
macrocycle formula cyclobutene* (m/z, g/mol) diene
#
 (m/z, g/mol) 
  calc’d M+H+ found M+H+ calc’d M+ found M+ 
1 C26H26O2 371.2011 371.2019 370.19328 370.19330 
2 C26H26OS 387.1783 387.1781 386.1704 386.1703 
3 C26H26S2 403.1554 403.1557 402.14760 402.14759
c 
4 C26H26O3 387.1960 387.1961 386.1882 386.18966 
5 C27H28O2 385.2168 385.2162 384.2089 384.2101 
6 C27H28O3 401.2117 401.2112 400.2039 400.2038 
7 C27H28O3 401.2117 401.2105 400.2039 400.2040 
8 C28H26O4 427.1909 427.1909 426.1831 426.1831 
9 C30H34O2 427.2637 427.2638 426.25588 426.25590 
* ESI-MS; # FAB-MS (EI-MS for 3) 
 
 
1       2 
 
Figure 2.6. High-performance liquid chromatograms (HPLC) of macrocycles Z-1 through Z-9 
demonstrating the chemical homogeneity of the products. Conditions are the same as in Table 
2.3.  
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Figure 2.6 (cont.). 
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Table 2.3. HPLC retention times of cyclobutene-containing macrocycles Z-1 through Z-9 and E-
1 through E-9 and the diene containing products, Z-1-diene through Z-9-diene and E-1-diene 
through E-9-diene. 
macr
o-
cycle 
Conditions* retention times, min
$ 
Eluent 
(EtAc in 
hexanes) 
temp. 
(ºC) 
monitoring 
wavelength 
(nm) 
reactant (cyclobutene-
containing macrocycles) 
product (hexadiene-
containing 
macrocycles) 
Z- 
E- 
(diaster. 1) 
E- 
(diaster. 2) 
Z-diene E-diene 
1 6% 40 343 6.2 # # 11.0 12.5 
2 2.5% r.t. 344 5.6 # # 6.5 7.8 
3 1% r.t. 344 5.9 # # 5.6 6.6 
4 3% 40 343 6.6 7.8 % 11.2 13.6 
5 3% 40 343 13.8 12.5 16.6 18.9 15.8 
6 5% r.t. 343 6.3 11.2 11.8 9.7 10.3 
7 11% r.t. 360 7.9 7.5 9.2 9.6 10.7 
8 10% 40 294 6.3 14.0 15.6 7.6 10.4 
9 7% r.t. 352 5.7 12.7 14.3 10.3 8.6 
* Flow rate = 1 ml/min. r.t. = room temperature (251 oC). $ reproducibility of the retention 
times 0.1 min. #, due to the low quantum yield of ZE photoisomerization, the E isomers 
could not be prepared in sufficient quantities to quantify the chromatographic behavior; % only 
one diastereomer was observed. 
2.5.3 Generation of photostationary states 
The photostationary states were prepared by irradiating a 50–500 M solution of a Z 
isomer in hexanes under rigorously anaerobic conditions at 251 oC with a 3757 nm high-
intensity diode. The irradiation intensity was adjusted to eliminate any side-reactions while still 
achieving the photostationary state within 1 min. The progress of photoisomerization was 
monitored by UV-vis spectroscopy and irradiation was terminated once the spectra no longer 
changed. The compositions of the photostationary states were quantified by HPLC (Table 2.4). 
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Table 2.4. Changes in the absorbance and compositions (HPLC traces) of solutions of Z-4 
through Z-9 upon irradiation at 3757 nm indicate that a photostationary state between the Z and 
E isomers establishes rapidly. The two new HPLC peaks after irradiation correspond to the 
diastereomers of the E isomer; the largest unmarked peak is that of the Z isomer; a sample of Z-5 
used in the preparation of the photostationary state already contained 0.3% (mol) of the E isomer 
due to photoisomerization by ambient light during storage. HPLC conditions are in Table 2.3.  
 change in absorption of a hexane solution of 
the respective Z isomer upon irradiation at 
3757 nm and 251 °C 
Full and zoom-in HPLC of sample before 
irradiation (pure Z, blue) and after reaching 
photostationary state (red). 
4 
 
monitoring wavelength: 366 nm 
photon flux: 21016 photons/cm2/s 
 
 
5 
 
monitoring wavelength: 366 nm 
photon flux: 61016 photons/cm2/s  
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Table 2.4 (cont.). 
6 
 
monitoring wavelength: 336 nm 
photon flux: 21016 photons/cm2/s 
 
7 
 
monitoring wavelength: 341 nm 
photon flux: 31016 photons/cm2/s 
 
8 
 
monitoring wavelength: 360 nm 
photon flux: 31016 photons/cm2/s 
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Table 2.4 (cont.). 
9 
 
monitoring wavelength: 336 nm 
photon flux: 31017 photons/cm2/s 
 
 
2.5.4 Kinetic measurements 
In all kinetic measurements, the composition of reaction mixtures as a function of time 
was monitored by HPLC using the extinction coefficients determined as described in the 
Spectroscopic characterization section. The temperature of the reaction mixtures was recorded 
electronically with an immersion thermocouple every 6 sec. over the whole duration of kinetic 
runs and was stable to within 0.5 
o
C. At least three independent measurements of each rate 
constant were made. All reactions were first order in the reactant and no significant side 
reactions were observed. In all kinetic runs rigorously deoxygenated solvents were used.  
The activation parameters are summarized in Table 2.5; the rate constants are given in 
Table 2.7 and Table 2.8. The Arrhenius plots are shown in Figure 2.11. The methodologies are 
described below.  
0 2 4 6 8 10 12 14
Time (min)
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Table 2.5. Measured activation parameters for the substrate reaction; the calculations of S‡ 
assume transmission coefficient of one. The diastereomers of the Z isomers were not separable 
by HPLC or distinguishable by 
1
H NMR and only a single set of apparent activation parameters 
is available; only one diastereomer of E-4 was observed; the diastereomers are indistinguishable 
in the method we used to measure H‡exp for E-1, E-2 and E-3; in addition S
‡
 could not yet be 
derived from this method since the quantum yields and extinction coefficients of the E 
macrocycles were not known with sufficient accuracy. In Fig. 3a in the main text, the values of 
H‡exp averaged over the two diastereomers are presented. 
macrocycle Z isomer E isomer 
 H‡exp, kcal/mol S
‡
, J/K/mol H‡exp, kcal/mol S
‡
, J/K/mol 
1 30.30.5 5.40.6 21.30.7  
2 29.40.2 1.20.3 20.60.7  
3 29.30.4 11.40.6 21.70.6  
4 32.90.2 -3.80.1 26.60.1 18.10.2 
5 (diastereomer 1)  
29.60.3 
 
19.20.2 
23.50.3 -15.50.5 
5 (diastereomer 2) 24.80.6 -4.40.9 
6 (diastereomer 1)  
32.70.1 
 
10.80.3 
26.70.2 3.70.2 
6 (diastereomer 2)  28.10.2 17.90.3 
7 (diastereomer 1)  
30.60.1 
 
16.40.2 
25.40.1 -11.40.1 
7 (diastereomer 2) 26.30.1 -5.80.1 
8 (diastereomer 1)  
31.60.2 
 
3.7.05 
27.80.2 7.30.3 
8 (diastereomer 2) 28.40.6 1.00.8 
9 (diastereomer 1)  
30.90.3 
 
41 
28.50.2 -1.60.3 
9 (diastereomer 2) 28.60.2 -1.20.3 
 
Kinetics of the substrate reaction in Z isomers 
A 50 M solution of a Z isomer in nonane was heated under N2 in dark at a temperature 
between 100 and 140 
o
C; 200 L aliquots of the reaction mixture were withdrawn at intervals 
corresponding to a 10% increase in the progress of the reaction, and analyzed immediately by 
HPLC. The chromatograms were monitored at a wavelength at which the extinction coefficients 
of the two components were identical, so that the ratio of the integrated absorbances of the 
HPLC bands for the product and the reactant, IAZ-diene/IAZ, equaled the ratio of their 
concentrations in the reaction mixture. The rate constants were obtained from the slopes of linear 
least-squares fits of ln(IAZ-diene/IAZ+1) vs. time data; the standard deviation of the slope was 
taken to equal the uncertainty of the rate constant. The reactions were followed up to at least 
50% conversion. 
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Kinetics of the substrate reaction in E-4 through E-9 
We used photostationary mixtures without isolating pure E isomers; all components of 
such mixtures (Z reactant, two diastereomers of the E reactant and E-diene product) were well 
separated by HPLC (Table 2.4). To give an approximately uniform concentration of the E 
isomers for all macrocycles, the photostationary states were prepared starting from 500 M 
solutions of Z-4 and Z-5; 100 M solutions of Z-6 through Z-8 and 50 M solutions of Z-9 (the 
ZE photoisomerization quantum yields decreased with the macrocycle size). Immediately 
following the preparation of a photostationary state a sample in hexanes (macrocycles 4-5) or 
heptane (macrocycles 6-9) was heated at a temperature between 40 
o
C and 110 
o
C, depending on 
the macrocycle (see Table 2.8). The progress of the reactions was followed in a manner identical 
to that for the substrate reaction in the Z isomers (preceding section). With the exception of 
macrocycle 9 at 100 
o
C, the rates of the substrate reaction in the Z isomers at these temperatures 
were at least 100-fold slower than in the E isomers, so that only depletion of the diastereomers of 
the E isomer and the appearance of the E-diene product were observed, the Z-diene product was 
not detected (Figure 2.7).  
 
Figure 2.7. A typical sequence of HPLC traces for conversion of the two diastereomers of E-5 
(*) to E-5-diene (#) at 50 
o
C in the dark. The largest peaks in the left chromatograms belong to Z-
5. We established the correct assignment of each HPLC band in the samples of the reaction 
mixtures by adding to them small amounts of authentic samples of each component. 
The ratio [(IAE1/eE1 + IAE2/eE2 + IAE-diene/eE-diene)(eZ/IAZ)], where eZ, eE1, eE2, eE-diene are 
the extinction coefficients at the monitoring wavelength of the Z isomer, the two diastereomers 
0 5 10 15
Time (min)
start
6.5 hrs
13.5 hrs
23.5 hrs
30 hrs
9.5 10.5 11.5 12.5
Time (min)
* * # 
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of the E analog and the E-diene product, respectively, and IAZ, IAE1, IAE2, IAE-diene are the 
integrated absorbances of the corresponding HPLC bands at the monitoring wavelength 
remained constant throughout the kinetic run. This ratio equals the ratio of the sum of the 
concentrations of the two diastereomers of the E isomer and the E-diene product to the 
concentration of the Z isomer. The constancy of this ratio in conjunction with the absence of the 
Z-diene product indicate that thermal reversion of the E isomers to the Z analogs is negligible, 
the only decay path of the E isomers being towards the E-diene products. Therefore, the Z 
isomers were inert components of the reaction mixtures under these conditions and were ignored.  
The rate constant for the substrate reaction in diastereomer 1 of an E isomer, kE1, was 
derived from the linear least-squares fits (LSF) of   (
         
    
   
        
 
    
    
   
   
  
   
) vs. time, where  
is the ratio of the molar fractions of diastereomer 2 and diastereomer 1 in the photostationary 
state and the other variables are as defined above. Linear LSF of   ( 
    
    
   
   
) vs. time yielded 
the difference of the rate constants of the substrate reaction in the two diastereomers, kE2-kE1. We 
typically monitored HPLC at a wavelength at which the extinction coefficients of the two 
diastereomers were the same, i.e., eE1/eE2 = 1, which simplified the above expressions. The ratio 
eE1/eE-diene was determined as described in the Spectroscopic characterization section. 
Kinetics of the substrate reaction in E-1, E-2 and E-3 
Macrocycles E-1 through E-3 were too thermally labile to be isolable. However, 
continuous irradiation of Z-1, Z-2 or Z-3 generated mixtures of the respective Z-diene and E-
diene at rates >10
4
-fold faster than the rate of the substrate reaction in these Z isomers at the 
same temperature in the dark (Figure 2.8). This acceleration is consistent with a mechanism in 
Figure 2.9 (an alternative explanation, ring-opening in non-thermalized Z isomers, the so-called 
hot ground state reactivity, was not consistent with the experimental data, see the next section). 
Continuous photoisomerization of the Z isomer maintains a steady-state concentration of the E 
analog as it forms E-diene in a thermally-activated process; subsequent photoisomerization of 
this primary product, E-diene, accounts for the formation of the secondary product, Z-diene. 
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Figure 2.8. Typical sequence of HPLC traces for a solution of Z-2 irradiated at 3757 nm 
(photon flux: 31017 photons/cm2/s) at 40 oC; a small amount of E-2-diene (#) accumulated in 
the starting material during storage; the peaks corresponding to Z-2-diene are marked with &. 
The largest peaks in the left chromatographs belong to Z-2. We established the correct 
assignment of each HPLC band in the samples of the reaction mixtures by adding to them small 
amount of authentic samples of each component. 
 
Figure 2.9. A general mechanism that accounts for the acceleration of the substrate reaction upon 
continuous irradiation of Z-1, Z-2 and Z-3; subscripts p and t in the rate constants refer to 
photochemical and thermal process; k3t represents the rate of the substrate reaction in the E 
isomer.  
We measured rate constant kapp (Figure 2.9) at 30–80 
o
C and photon fluxes between 
61016 photons/cm2/s and 31017 photons/cm2/s at 3757 nm in 50 M samples of Z-1, Z-2 and 
Z-3. At this concentration the attenuation of the incident irradiation by the sample was <20% so 
that absorbed intensities remained proportional to the chromophore concentration; no significant 
photobleaching was detected.  
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To relate measured kapp to the rate constant of the substrate reaction in the E isomer, k3t, 
we derived a rate law taking into account photochemical interconversion between the Z and E 
isomers, and thermal decay of the E isomer either to the product, E-diene, or to the Z isomer. 
Since the substrate reaction in the E isomer is irreversible, all subsequent processes (e.g., 
photochemical isomerization of E-diene to Z-diene) do not affect kapp. Under the steady-state 
approximation in the E isomer, kapp and k3t are related by eq. 2.1.  
At low absorbances (I/Io <0.1, I and Io are absorbed and incident photon fluxes, 
respectively), photochemical rate constants, k1p and k2p can be replaced by ejo and ejo, 
respectively (ZE and EZ are quantum yields for ZE and EZ isomerization, jo is the 
volumetric flux density of the incident irradiation, i.e., moles of photon per second per liter of the 
chromophore solution, which is assumed to be maintained homogeneous by vigorous stirring), an 
explicit dependence of kapp on flux is obtained (eq. 2.2).  
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2.5) 
At low photon fluxes (
       
           
>> I) thermal rates far exceed photochemical rates, i.e., 
as soon as the E isomer forms by photoisomerization of the Z analog, it decays thermally either 
to the product, E-diene, or back to the Z isomer, depending on the ratio of the corresponding rate 
constants. Under such conditions kapp is directly proportional to flux; and only the ratio of the 
two thermal rate constants can be obtained from it (eq. 2.3). At high fluxes a photostationary 
state between the Z and E isomers is not perturbed by the thermal processes and kapp is flux-
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independent (eq. 2.4). Assuming temperature-independent quantum yields and extinction 
coefficients
35
, the slope of the Arrhenius plot of kapp yields the activation energy of the substrate 
reaction in the E isomer. In the intermediate regime, eq. 2.5 predicts linear relationship between 
kapp
-1
 and I
-1
. Its intercept is proportional to k3t
-1
 and therefore should manifest exponential 
dependence on temperature. The temperature dependence of the slope is more complex, ranging 
from exponential if the E isomer preferentially reverts thermally to the Z analog (k2t >> k3t) to 
temperature-independent (neglecting the temperature dependence of the quantum yields and the 
extinction coefficients) if the substrate reaction is the primary thermal decay channel of isomer 
E. The measured dependences of kapp on photon fluxes and temperatures followed eq. 2.5 over 
the whole range of the experimental conditions (Figure 2.10), supporting the mechanism in 
Figure 2.9.  
a       b 
 
Figure 2.10. a, The measured dependence of kapp on the reaction temperature and photon flux 
follows that predicted by eq. 2.5. b, Both the intercepts and the slopes of the linear graphs in (a) 
depend exponentially on temperature. Solid lines are linear LSF to the equations shown. Error 
bars indicating the uncertainties in kapp, in I, in the slopes and in the intercepts are omitted for 
clarity. 
Importance of hot ground state reactivity in acceleration of the substrate reaction upon 
continuous irradiation. 
Absorption of a 375 nm photon deposits 78 kcal/mol of energy into a macrocycle. The 
correct interpretation of the kinetics of the substrate reaction under the continuous irradiation 
conditions requires an evaluation of the fraction of this energy contributing to the thermally 
activated crossing of the barrier of the substrate reaction. Photophysics of Z→E isomerization of 
stiff stilbene has not yet been examined in detail but is generally thought to resemble that of 
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extensively studied stilbene, particularly the Z isomer. Specifically, negligible barriers for 
isomerization of either isomer of stiff stilbene on the electronically excited surfaces were 
calculated, similarly to Z-stilbene.
33
 In contrast to stilbene, formation of the analog of 4a,4b-
dihydrophenanthrene, which occurs during photoisomerization Z-stilbene, is thought to be 
unimportant for stiff stilbene.
33
 
For photoisomerization of Z-stilbene in hexadecane, Sension and Hochstrasser found that 
the E isomer is generated within 1 ps of the photoexcitation of the Z isomer.
34
 In these 
experiments the theoretical maximum excess energy of the E isomer formed from the Z isomer 
exceeded 95 kcal/mol, but >65% of it dissipated before the ground electronic state of the E 
isomer formed. As a result, the E isomer formed with the initial internal temperature of 725100 
K, and cooled with the time constant of 143 ps. Exchange of excess energy between internal 
vibrational modes (IVR) was thought to occur much faster than dissipation to the solvent (VET). 
Assuming that the dynamics of Z→E photoisomerization and the energy redistribution in 
the 16-atom macrocycles Z-1, Z-2 and Z-3 upon absorption of a 375 nm photon are similar to that 
of Z-stilbene excited with a 312 nm photon, continuous irradiation of samples of , Z-2 and Z-3 
transiently produced Z isomers containing 30-35 kcal/mol excess energy and E isomers with 10-
20 kcal/mol excess energy (Z→E isomerization is endergonic by 24, 21 kcal/mol and 15 
kcal/mol for 1-3, respectively according to the DFT calculations, see below). This excess energy 
was probably lost to the solvent on a timescale of 20 ps. RRKM computations with the 
experimental activation enthalpies and the calculated vibrational frequencies of the ground and 
transition states of the substrate reaction assuming no loss of the photon energy to the 
environment gave time constants for the substrate reaction >10
5
-fold longer than time constants 
for VET (Table 2.6). Therefore the ring-opening reaction in either isomer of macrocycles 1-3 is 
not kinetically competitive with vibrational cooling upon electronic relaxation. This conclusion 
is consistent with previous work that showed negligible ring-opening in non-thermalized 
cyclobutene derivatives obtained by absorption of a 228 nm photon.
35
 
To test the effect of continuous irradiation on the observed activation enthalpies further, 
we measured the rate constant, kapp for conversion of Z-4 to a mixture of Z-4-diene and E-4-diene 
upon continuous irradiation. H‡exp for the substrate reaction obtained from this kapp using eq. S2 
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(242 kcal/mol) was identical, to within the experimental error, to the average value of H‡exp 
obtained by monitoring the rate of thermal decay of the diastereomer of E-4 in the dark.  
Based on these data we conclude that H‡exp obtained from continuous irradiation of Z-1 
and Z-2 faithfully reflects the activation barriers to the substrate reaction in E-1, E-2, and E-3. 
 
Table 2.6. Results of RRKM calculations for the substrate reaction in non-thermalized 
macrocycles.  
macro-
cycle 
vibrational 
energy at 300 K, 
kcal/mol 
deposited 
energy, 
kcal/mol 
endorgenici
ty, kcal/mol 
total energy, 
cm
-1 
barrier, 
cm
-1 
time 
constant, 
s 
E-1 12.7 78 24 22105 7432 10 
Z-1 12.8 78 0 30690 10340 100 
E-2 12.7 78 21 23567 6965 1 
Z-2 12.9 78 0 30745 9941 30 
E-3 13.3 78 15 25797 7337 0.9 
Z-3 13.2 78 0 30836 9941 10 
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1       2 
 
3       4 
 
Figure 2.11. Arrhenius plots of the substrate reaction in both isomers of macrocycles 1-9. Each 
rate constant was measured at least in triplicate; all measured rate constants are plotted but the 
excellent reproducibility of the kinetic measurements resulted in the rate constant from repeat 
measurements to overlap so as to be indistinguishable in most of the graphs. Note the much 
higher temperatures from repeat measurements to overlap so as to be indistinguishable in most of 
the graphs. Note the much higher temperatures required to obtain useful rates of the substrate 
reaction in the Z isomers compared to the E analogs. Solid lines are linear weighted least-squares 
fits to all points; the weights of individual points were inversely proportional to the squares of 
their experimental uncertainty. H‡exp and S
‡
exp tabulated in (Table 2.5)  were related to the 
slopes and the intercepts of these graphs as follows: H‡exp = R(-slope - T); S
‡
exp = R(intercept 
– ln(3600) – [ln(kBT/h)]
-1
), where R, T, kB are the gas constant, the absolute temperature and the 
Boltzmann constant, respectively and ln(3600) accounts for the unit of rate constant of hr
-1
 
instead of s
-1
. The intercepts of the Arrhenius plots of the substrate reaction in E-1 and E-2 are 
the product of the pre-exponential factor and the ratio of the molar fractions of the E and Z 
isomers at steady state (eq. 2.5). 
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Figure 2.11 (cont.). 
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Table 2.7. Rate constants and the respective temperatures for the substrate reaction in the Z 
isomers of macrocycles 1-9. 
macrocycle T, 
o
C k, h
-1 
macrocycle T, 
o
C k, h
-1 
1 61.1 0.00085±0.00001 5 109.9 0.177±0.002 
 70.0 0.0028±0.0001  119.0 0.439±0.007 
 81.6 0.0099±0.0003  129.7 1.25±0.02 
 90.0 0.0332±0.0002 6 110.0 0.1065±0.0003 
 109.9 0.34±0.02  119.8 0.313±0.006 
 119.0 0.85±0.03  129.5 0.85±0.01 
 129.7 2.34±0.06  139.3 2.26±0.04 
 140.6 5.2±0.2 7 109.9 0.1403±0.0008 
2 79.8 0.0196±0.0002  119.0 0.338±0.004 
 89.9 0.0634±0.0004  129.7 1.01±0.04 
 98.9 0.190±0.007  140.0 2.62±0.03 
 108.6 0.51±0.01  140.0 2.61±0.02 
3 69.7 0.0238±0.0008  140.0 2.63±0.03 
 79.8 0.073±0.002 8 99.8 0.070±0.003 
 89.9 0.265±0.004  110.0 0.210±0.002 
 99.0 0.62±0.05  119.7 0.590±0.008 
4 110.0 0.115±0.001  129.5 1.58±0.01 
 119.7 0.324±0.003 9 99.8 0.074±0.003 
 129.5 0.937±0.009  110.0 0.240±0.003 
 139.3 2.38±0.04  119.7 0.65±0.01 
 140.6 2.97±0.09  129.5 1.65±0.04 
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Table 2.8. Rate constants and the respective temperatures for the substrate reaction in the E 
isomers of macrocycles 1-9. 
macrocycle T ,ºC k, h
-1 *
 macrocycle T ,ºC k, h
-1 
     disaster. 1 disaster. 2 
1 52.1 0.0078±0.0002 5 31.4 0.043±0.002 0.015±0.004 
 60.0 0.0218±0.0004  31.4 0.047±0.002 0.025±0.002 
 70.1 0.0401±0.0009  31.4 0.047±0.002 0.023±0.003 
 81.0 0.084±0.002  40.0 0.16±0.01 0.09±0.01 
 90.1 0.127±0.003  40.0 0.19±0.01 0.08±0.01 
2 40.0 0.09±0.01  40.0 0.20±0.02 0.07±0.01 
 50.0 0.25±0.03  49.8 0.45±0.04 0.30±0.05 
 60.0 0.63±0.06  49.8 0.40±0.02 0.26±0.03 
 70.0 1.6±0.2  49.8 0.46±0.02 0.27±0.06 
 80.0 4.0±0.4  49.8 0.35±0.06 0.23±0.01 
3 50.0 0.073±0.007  59.7 1.48±0.08 0.90±0.08 
 60.0 0.19±0.02  59.7 1.4±0.2 0.81±0.08 
 70.0 0.53±0.05  59.7 1.3±0.2 0.89±0.09 
 80.1 1.3±0.1 7 49.8 0.0396±0.0007 0.0206±0.0007 
4 90.2 3.3±0.3  49.8 0.043±0.002 0.022±0.001 
 32.1 0.025±0.002  49.8 0.0400±0.0003 0.0196±0.0009 
 32.1 0.0219±0.0008  59.7 0.1429±0.0008 0.072±0.001 
 32.1 0.0204±0.0005  59.7 0.140±0.001 0.071±0.002 
 41.2 0.077±0.003  59.7 0.134±0.002 0.0681±0.0007 
 41.2 0.068±0.004  69.9 0.440±0.006 0.238±0.003 
 41.2 0.0711±0.0007  69.9 0.44±0.01 0.238±0.003 
 51.2 0.285±0.005  69.9 0.453±0.008 0.230±0.008 
 51.2 0.264±0.004  79.8 1.31±0.04 0.674±0.008 
 51.2 0.241±0.005  79.8 1.36±0.03 0.76±0.01 
 60.2 0.99±0.03  79.8 1.27±0.01 0.735±0.009 
 60.9 0.96±0.03  90.2 3.7±0.1 2.08±0.07 
 60.9 0.91±0.04  90.2 3.51±0.08 2.00±0.05 
 70.0 3.2±0.2  90.2 3.76±0.04 2.13±0.07 
 70.0 3.0±0.2 6 52.1 0.042±0.001 0.027±0.001 
 70.0 2.86±0.07  60.0 0.127±0.003 0.078±0.003 
    69.9 0.42±0.01 0.295±0.002 
    80.8 1.40±0.02 1.06±0.02 
    80.8 1.37±0.02 1.06±0.02 
    80.9 1.37±0.02 1.08±0.03 
    90.2 3.81±0.08 2.92±0.09 
   8 60.0 0.037±0.002 0.0082±0.0009 
    70.7 0.135±0.004 0.024±0.003 
    80.9 0.42±0.02 0.095±0.008 
    90.7 1.30±0.03 0.28±0.01 
    99.9 3.51±0.03 0.80±0.03 
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Table 2.8 (cont.). 
   macrocycle T ,ºC k, h
-1
 
     disaster. 1 disaster. 2 
   9 79.6 0.050±0.002 0.049±0.001 
    89.8 0.159±0.004 0.157±0.004 
    99.4 0.472±0.006 0.46±0.01 
    110.1 1.377±0.005 1.34±0.01 
* the kinetic method used only yields an average rate constant for the two diastereomers of E-1 
through E-3; the listed rate constants are in the flux-independent regime; only one diastereomer 
was observed for E-4. 
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3.1 Abstract 
We report a method to estimate the restoring force of a constrained small molecule and 
relate changes in its reactivity to this force. Restoring force is a size-invariant measure of 
molecular strain and offers a conceptual framework to bridge studies of macromolecular 
reactions by force spectroscopies with those of strained small molecules. We illustrate our 
method by showing that E stiff stilbene (1,1′-Δ-biindan) with up to 700 pN of force along its 
C6,C6′ axis is accessible by photoisomerization. It reverts thermally to the Z isomer with 
τ1/2~100 ms, probably long enough to be useful for microscale actuation. The quantum yield of 
photoisomerization and the activation barrier of thermal isomerization of constrained stiff 
stilbene increase sharply as the restoring force decreases.  
3.2 Introduction 
We propose a method to quantify the restoring force of a constrained small molecule and 
relate its reactivity to this force. The method bridges the studies of macromolecular reactions in 
force spectroscopies
1
 with those of corresponding strained monomers and is essential for rational 
design of molecular actuators.
2
 We illustrate our method by showing that E stiff stilbene (1,1′--
biindan, Figure 1) with up to ~700 pN of force along its C6,C6′ axis is accessible by 
photoisomerization with the quantum yield and thermal stability depending strongly on the 
restoring force.  
The capacity of living organisms to convert conformational changes in a reacting 
molecule into directional motion has stimulated considerable effort to understand the underlying 
principles
3,4
 and to realize them in synthetic systems.
2
 
The simplest, paradigmatic example is a 
single molecule of E-oligoazobenzene stretched between an AFM tip and a glass slide.
5
 
Its 
contraction on irradiation brings the tip closer to the slide by bending the AFM cantilever. Here 
the macromolecule is constrained along a single axis into a nonequilibrium configuration which 
creates a gradient of the molecular free energy (restoring force) along this axis. This restoring 
force is balanced by the elastic force of the bent cantilever. Irradiation-induced contraction of the 
oligomer along the constrained axis suggests an increase in the restoring force upon electronic 
excitation of azobenzene and is consistent with the current understanding of the topologies of the 
ground and excited-state surfaces of free azobenzene. Of outstanding contemporary interest is 
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how these surfaces are perturbed by the constraint, that is, how the quantum yields of E→Z 
photoisomerization and activation energies of thermal isomerizations depend on the restoring 
force. For example, it imposes a fundamental limit on the actuation capacity of the oligomer and 
the energy conversion efficiency. 
 
Figure 3.1. Qualitative representation of the energy surface of stiff stilbene along the C6,C6′ 
axis. On the S0 surface, the two isomers are separated by a >170 kJ/mol barrier making 
photoisomerization, which requires electronic excitation to S1, the only important isomerization 
mechanism. Constraining stiff stilbene along its C6,C6′-molecular axis either by a macroscopic 
object such as AFM or a molecular fragment perturbs the S0 surface and generates a restoring 
force (energy gradient along the constrained axis). A compressive constrain (shown) decreases 
the quantum yield of Z→E and the activation energy of thermal E→Z isomerizations. These 
effects limit the maximum force obtainable from stiff stilbene. Perturbation of the S1 surface by 
the constraints is not shown.  
Although single-molecule force experiments showed suppression of photoisomerization 
at forces >400 pN they cannot yet reveal the molecular basis of this suppression. In such 
experiments, neither the quantum yields nor activation barriers can yet be measured and the 
fraction of monomers in the E or Z configuration can only be inferred indirectly. Such 
macromolecular systems remain too large for quantum chemical modeling. The contraction of 
oligoazobenzene is most likely stepwise, with a rare but rapid (~ps)
6
 
conformational transition in 
each monomer occurring independent of the other monomers and generating a localized 
structural change that is comparable or smaller than average thermal fluctuation. Hence, the 
effect of external load on conformational transitions of an oligomer is related closely to the 
kinetics of an isolated monomer constrained to the same restoring force along the appropriate 
molecular axis.  
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Here we show that a molecular force probe instead of a macroscopic one, such as AFM, 
can be used both to constrain a small molecule (substrate) along a single axis and to estimate the 
resultant restoring force. This molecular force probe is a small reactant whose thermally 
accessible transition state allows a partial relaxation of the constrained substrate primarily along 
a single axis (Figure 2). This relaxation lowers the energy of the transition state of the probe 
relative to that of the probe connected to an unconstrained substrate. The difference, G‡ is 
measured. The geometries of the substrate constrained by the probe in its ground and transition 
states are calculated quantum-chemically and validated against experimental G‡. The ratio of 
measured G‡ to the calculated elongation of the force probe along the constrained axis, l = lts 
- lr (Figure 2B), gives the upper limit of the average restoring force in the substrate constrained 
by the probe in its ground and transition-state conformations. The low limit is estimated by 
calculating the fraction of G‡ due to relaxation of the probe and/or the substrate orthogonal to 
the constrained axis.  
 
Figure 3.2. (A) The molecular force probe. (B) The energy diagram underlying the use of 
cyclobutene as a molecular force probe: the inert linkers X and Y make the reaction coordinate 
of the probe orthogonal to the C6-C6′ axis of relaxed Z stiff stilbene but constrain E stiff stilbene 
and align its C6-C6′ axis with the CH2
…
CH2 axis of the probe. The elongation of the probe 
during its reaction is equivalent to partial relaxation of the constraint, which lowers the barrier of 
the probe reaction, G‡E < G
‡
Z. (C) Compositions of the linkers, size and number of 
macrocycles described. Atom on the right is bound to stiff stilbene. 
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Although kinetic effects of molecular strain have been extensively studied,
7
 no 
quantitative relationships between rates and restoring forces exist. Known strained small 
molecules poorly mimic the axial strain generated in force spectroscopies or during microscopic 
actuation. In the absence of a single constrained molecular axis, restoring force is not a useful 
quantifier of molecular strain, thus requiring the use of scalar strain energy.  
These limitations are overcome with thermal ring-opening of trans-3,4-
dimethylcyclobutene to trans,trans-hexadiene (Figure 2), which uniquely satisfies the criteria of 
an ideal molecular force probe. First, since the method is predicated on accurately calculating the 
transition state of the probe, mechanistically simple solvent-independent unimolecular 
rearrangements of small reactants of second row elements are preferred. Second, structurally 
anisotropic probes that undergo structural changes primarily along a single molecular axis 
minimize distortions of the substrate along other axes. Third, the probe should be easy to connect 
to the substrate through the atoms that define this axis. Fourth, the probe along this axis should 
be much stiffer than the substrate along its constrained axis. Otherwise, distortions of the probe 
could affect its kinetics obscuring barrier lowering due to the substrate relaxation. Fifth, 
practically irreversible probe reactions allow the restoring force of even highly thermally labile 
constrained substrates to be measured, as illustrated below for compound 2 (Figure 2C). Finally, 
optically transparent probes permit restoring forces generated in photoisomerizations to be 
quantified.  
We illustrate this approach by estimating the maximum accessible restoring force along 
the C6,C6′ axis of stiff stilbene (Figure 1). Like azobenzene, stiff stilbene undergoes facile E→Z 
photoisomerization at 375 nm.
8
 The activation energy of thermal Z→E isomerization of stiff 
stilbene is ~60 kJ/mol higher than that of azobenzene; combined with its greater conformational 
rigidity much higher restoring forces are accessible in stiff stilbene. Stiff stilbene derivatization 
is most convenient at the C6,C6′ positions making constraints along this axis most relevant for 
the development of new actuators.  
In this study we used macrocycles 1-4 (Figure 2), which differ in the number of atoms 
linking the C6,C6′ atoms. By gradually decreasing their length, the E isomer is increasingly 
constrained. We synthesized the Z isomers of 1-4 in 7-9 steps and 5-15% overall yields from 
racemic trans-3,4-bis(hydroxylmethyl)cyclobutene and C6-substituted indanones (Supporting 
91 
 
Information, Figure S1). Macrocyclization, affected in the final step in 50-80% yield by 
McMurry coupling,
9
 produced exclusively Z isomers. This high yield and stereoselectivity 
illustrate the conformational rigidity of stiff stilbene, which decreases the entropic cost of macro-
cyclization and destabilizes the E isomer. All compounds were characterized by 
1
H NMR, UV-
vis and high-resolution mass spectroscopies, and the chemical homogeneity was verified by 
HPLC.  
Heating the Z macrocycles in the dark at 370-415 K resulted in clean conversion of the 
probe to the diene form (Figure 2). The reactions were followed by 
1
H NMR and HPLC. The 
corresponding Arrhenius plots (Figure S6) were linear and yielded the activation enthalpies 
(Table 3.1) similar to that for free trans-3,4-dimethyl-cyclobutene, indicating negligible 
perturbation of the probe by Z stiff stilbene. The activation entropies, S‡, were small and 
insensitive to the size of the macrocycle (Table S6).  
Table 3.1. Measured and calculated activation enthalpies of the probe reaction (300 K), 
calculated Boltzmann-weighted average elongation of the force probe in the ring-opening 
transition state, <l>, and the restoring force of e stiff stilbene in 1-4. 
 1 2 3 4 
H‡Z, kJ/mol (exptl) 124 ± 2 126 ± 2 126 ± 2 120 ± 2 
H‡Z, kJ/mol (calcd) 124 128 124 120 
H‡E, kJ/mol (exptl) 101 ± 3 89 ± 3   
H‡E, kJ/mol (calcd) 100 92 92 90 
H‡, kJ/mol 23 ± 4 37 ± 4 34 ± 2 30 ± 2 
H┴
‡
, kJ/mol (calcd) 7 1 6 14 
<l>, Å (calcd) 0.725 0.751 0.728 0.712 
<f>
high
, pN 520 ± 20 800 ± 40 760 ± 40 680 ± 50 
<f>
low
, pN 370 ± 20 780 ± 40 620 ± 40 350 ± 50 
<f>
SCF
, pN 430 510 450 540 
av of 3 estimates, pN 440 690 610 520 
 
Irradiation of the largest macrocycle 1 at 375 nm generated a photostationary state 
containing 9% (mol) of E-1, with the quantum yield, Z→E = 0.17 ± 0.09, 1/3 that in free stiff 
stilbene (0.5). Heating E-1 at 305-333 K in the dark resulted in the clean probe reaction with 
H‡E = 101 ± 3 kJ/mol (23 ± 5 kJ/mol lower than Z-1, Table 1); thermal relaxation of E-1 to Z-1 
was negligible.  
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The fractions of the E isomers at the photostationary states of smaller macrocycles 2-4 
were below our detection limit (<1%). However, continuous irradiation of dilute heptane 
solutions of Z-2 (total absorbance <0.1) at 325-363 K accelerated the probe reaction up to 10
3
-
fold compared to that in Z-2 in the dark. The temperature and photon-flux dependence of the 
overall rate, vZ-2, was consistent with the mechanism in Figure 3.3 and the corresponding rate 
law, eq 1, derived for the steady-state approximation in E-2. Using this rate law we obtained the 
activation enthalpies of the probe reaction (H‡E) and of thermal E-2→Z-2 relaxation (H
‡
E→Z) 
from measured vZ-2 (Figure 4). The former decreased by >35 kJ/mol relative to Z-2 and the latter 
by ~100 kJ/mol (to 69 ± 4 kJ/mol) relative to free stiff stilbene. Consequently, the primary 
thermal reaction of E-2 was relaxation to Z-2 (1/2 ≈ 100 ms vs 17 days for E-1 and ≈10
9 
years for 
free stiff stilbene at 300 K). The rates however, remain too slow to compete with vibrational 
relaxation of stiff stilbene (1/2 < 100 ps),
6
 suggesting that nonthermalized macrocycles 
contribute negligibly to the rates.  
 
Figure 3.3. The mechanism responsible for up to 10
3
-fold acceleration of the probe reaction upon 
irradiation of Z-2 and the corresponding rate law: [Z-2] is the concentration of Z-2, Z-2 and E-2 
are molar absorptivities of Z-2 and E-2 and j is the incident photon flux density. 
We estimated the quantum yield of generating E-2,Z→E from the intercept of the semilog 
plot in Figure 4B assuming that (i) (E→ZE-2)/(Z→EZ-2) is temperature-independent (since the 
plots in Figure 4A are linear); (ii) Z-2/E-2 ≈ Z-1/E-1 (since spectra of Z-1 and Z-2 are nearly 
identical, Figure S3); (iii) S‡E-2 ≈ S
‡
E-1 (since S
‡
 is similar in all Z isomers and E-1). The 
ﬂuorescence quantum yield in Z-2 is <0.05, suggesting that E→Z ≈ 1 and hence Z→E ≈ 10
-3
. The 
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quantum yield of forming E-2 is lowered ~1000 fold from that of free stiff stilbene by the 
imposed constraint.  
 
Figure 3.4. (A) The dependence of the depletion rate of Z-2 under continuous irradiation, vZ, 
follows eq 1 (shown) at multiple temperature and photon fluxes; j0 = 10
18
  photons/(s cm
2
). (B) 
Arrhenius plots of the slopes (blue) and intercepts of the linear least-squares fits (solid lines) 
from panel A. Errors of some points are smaller than the symbols. 
The probe reaction was not accelerated upon irradiation of the smallest macrocycles Z-3 
and Z-4. Since the expected products, E-3-diene and E-4-diene, prepared independently, were 
stable, E stiff stilbene in E-3 and E-4 must be inaccessible.  
To obtain the restoring force of E stiff stilbene in 1-4 we optimized all conformers of the 
ground and ring-opening transition states in both isomers of 1-4 at the O3LYP/6-311G(2d,p) 
level of the DFT.
10
 
For all six compounds with the available experimental activation enthalpies, 
the difference between the calculated and experimental values was within the experimental 
uncertainty (2-3 kJ/mol, Table 1), lending credence to the calculated structures and H‡E for E-3 
and E-4, which are not available experimentally.  
We estimated the high limit of the restoring force of stiff stilbene in macrocycles 1-4 by 
assuming that G‡
 
(~H‡) arises solely from the relaxation along the C6,C6′ axis. Out of 
several inter-nuclear distances parallel to the C6,C6′ axis of stiff stilbene we used the separation 
of the methylene carbons closest to the C4H4 core (Figure 2B). Its elongation in the transition 
state reflects conformational relaxation of both stiff stilbene and the linkers and hence exceeds 
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the changes in the separation of the C6,C6′ carbons. The internal mechanical equilibrium in a 
macrocycle ensures that the restoring force at the methylene carbons equal that at the C6,C6′ 
carbons. We used the Boltzmann-weighted average separation of the CH2 groups in all respective 
conformers.  
To estimate the low limit of the restoring force of stiff stilbene in the E isomers of 1-4, 
<f>
low
, we optimized all conformers of trans-(cyclo-C4H4)(CH2OCH3)2 (and the corresponding 
thio derivatives for 4) in the ground and ring-opening transition states and identified those 
conformers that best reproduced the structures of these moieties in the macrocycles. We assumed 
that the enthalpy difference between the best-match and minimum-energy conformers of trans-
(cyclo-C4H4)(CH2OCH3)2 quantifies all strain orthogonal to C6,C6′ axis. Table 1 lists the barrier-
lowering due to relaxation of this strain, H┴
‡ 
and <f>
low ≈ (H‡ - H┴
‡
)/l.  
We also calculated the vectoral sum of atomic forces in fragments obtained by excising 
the C4H4 core from each macrocycle and adding H atoms to the newly terminal CH2 groups. In 
macrocycles the restoring force of strained stiff stilbene is balanced by that of the force probe 
and excising the latter results in uncompensated forces on each nucleus of the remaining 
fragment. We calculated these atomic forces as analytical gradients of the electronic energy of a 
fragment at its geometry in the full macrocycle for all conformers of both isomers of 1-4 in the 
ground and ring-opening transition states. Table 1 lists the difference in the total atomic forces in 
E and Z isomers of each macrocycle projected on the C6,C6′ axis and averaged between the 
ground and transition state conformers, <f>
SCF
.  
Forces estimated by the three methods are in reasonable agreement. Importantly, 
comparable forces are obtained without knowing the geometries of the macrocycles, using 
instead the elongation of the CH3—CH3 separation in free trans-3,4-dimethylcyclobutene (0.754 
Å). On the other hand, the data suggest the restoring force at the equilibrium geometry alone to 
be insufficient to predict quantitatively the kinetics in the presence of constraints: preliminary 
calculations suggest that inaccessibility of E-3 may be due to its greater restoring force in the 
transition state (and probably conical intersection) of E→Z isomerization relative to E-2, 
although the opposite is true in their ground states.  
At least 10
2
-fold higher force is required to suppress the isomerization of stiff stilbene 
than to stall a motor protein, e.g., myosin.
3,4
 
These proteins generate force orthogonal to their 
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~100nm long coil-coil stalks,
3
 
whose flexural rigidity is far lower than the linear stiffness of a 
macromolecule along its end-to-end axis. Unlike isomerization of stiff stilbene, the kinetics of 
ATP hydrolysis is very sensitive to small distortions of the catalytic site,
3
 
which allows many 
motor proteins to slow down the ATPase activity as the restoring force increases and approach 
unit energy coupling efficiency at the stall force.
3,4
 
In contrast, molar absorptivity of stiff stilbene 
varies little with its restoring force
11
 (Table S3) and as the quantum yield of Z→E 
photoisomerization drops precipitously with force, the fraction of absorbed photon energy 
dissipated as heat increases rapidly. Approximating useful work in 1-4 with G‡, the coupling 
efficiency of stiff stilbene decreases from 6% at ~500 pN (E-1) to 0.03% at ~700 pN (E-2).  
Unlike strain energy, restoring force is a size-invariant measure of molecular strain. 
While defined unambiguously in the multidimensional configuration space, to be broadly useful 
restoring force needs to be expressed as a Cartesian vector. The method reported here should 
help address some of the many conceptual and technical ambiguities of doing so.
4,12
 
3.3 Experimental 
Detailed description of synthesis, spectroscopic characterization of Z/E-1—Z/E-4, kinetic 
measurements are given in Chapter 2 of this thesis.
13
 Additional kinetic data are available below. 
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Table 3.2. Depletion rates of Z-2, vZ-2, under continuous irradiation at 375±7 nm. 
t, 
o
C 
Normalized 
photon flux, 
j/j0* 
k, h
-1
 t, 
o
C 
Normalized 
photon flux, 
j/j0* 
k, h
-1
 
52.0 0% 0 81.1 0% 0 
52.0 10% 0.0042±0.0002 81.1 20% 0.0310±0.0006 
52.0 20% 0.0061±0.0002 81.1 40% 0.0519±0.0009 
52.0 35% 0.0071±0.0004 81.1 60% 0.0665±0.0007 
52.0 50% 0.0075±0.0002 81.1 80% 0.079±0.002 
52.0 80% 0.0078±0.0002 81.1 85% 0.081±0.001 
61.1 0% 0 81.1 85% 0.082±0.002 
61.1 15% 0.0109±0.0001 81.1 100% 0.084±0.002 
61.1 30% 0.0167±0.0001 90.0 0% 0 
61.1 45% 0.0183±0.0004 90.0 20% 0.0372±0.0003 
61.1 60% 0.0215±0.0002 90.0 40% 0.069±0.002 
61.1 60% 0.0203±0.0004 90.0 60% 0.092±0.004 
61.1 80% 0.0212±0.0002 90.0 80% 0.112±0.002 
61.1 80% 0.0212±0.0006 90.0 100% 0.127±0.003 
61.1 100% 0.0218±0.0004    
70.0 0% 0    
70.0 20% 0.0194±0.0009    
70.0 35% 0.0285±0.0006    
70.0 50% 0.0318±0.0002    
70.0 70% 0.0365±0.0003    
70.0 80% 0.036±0.001    
70.0 100% 0.0401±0.0009 * j0= 10
18
 photons/s/cm
2
. 
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4.1 Abstract 
Photoactuating polymers, a class of ―artificial muscles‖, hold great promise for 
generating directional motion across multiple length scales powered by light energy. However, 
the experimental tools and conceptual frameworks to enable their efficient design are still yet to 
be developed. Here based on the restoring force formalism we describe a simple operational 
model to relate the key features of a photoactuating polymer to the force-dependent kinetics of 
the actuating and side reactions of its monomer. Our experimentally measured kinetic parameters 
for both photo- and thermal isomerizations of the C=C bond in series of stiff stilbene 
macrocycles as a function of its restoring force up to ~600 pN allow systematic optimization of 
the operating conditions, and suggest its maximum attainable performance is comparable to what 
motor proteins offer. This bottom-up strategy highlights the opportunities in rational design of 
photoactuating polymers afforded by the concept of restoring force. 
4.2 Introduction 
Direct conversion of photon energy into directional motion at micro- and nanoscale is of 
considerable contemporary interest.
1-6
 Many such schemes are based on photoactuating 
polymers, whose monomers undergo large structural change upon photon absorption, often as a 
consequence of photoisomerization of their C=C and/or N=N bonds. Various polyazobenzenes 
are one of the most thoroughly studied examples.
7,8
 Performance characteristics (power output, 
efficiency of energy conversion and stall force) of a photoactuating material are ultimately 
limited by the kinetics and thermodynamics of the chemical reactions that convert energy input 
(photons) into structural changes, and which are directly affected by the load on the material. 
Gaining molecular detail by studying bulk response of a photoactuating material is not 
yet tenable. The advent of single-molecule force spectroscopy has allowed irradiation-induced 
contraction of individual oligomers of azobenzene to be studied.
7,8
 Yet a decade after these 
pioneering experiments, their molecular interpretation is still lacking, a result of formidable 
experimental and computational challenges inherent to inferring the behaviour of individual 
monomers from observable behaviour of large macromolecules. 
Restoring force has emerged as a promising physical parameter to describe the response 
of a material to macroscopic loads across multiple length scales, from macroscopic to 
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molecular.
9-12
 Restoring force develops whenever an object (including a molecule) is strained as 
happens during photoactuation under loads. It was long recognized that since force is scale-
invariant the strain-induced changes in the reaction rates of a monomer are uniquely defined by 
its restoring force and are independent of the total size of the (macro)molecule within which the 
reacting monomer resides.
10
 Consequently, force-dependent kinetics of photoactuating reactions 
could be obtained by studying individual monomers in which both the direction and magnitude 
of strain is controlled by molecular design instead of micromanipulation techniques. Availability 
of such data would (1) facilitate the development of molecular-scale models of operating 
photoactuating materials, (2) help delineate the fundamental limit on performance characteristics 
of such materials imposed by the underlying chemistry and (3) guide the design of new 
monomers and photoisomerization reactions specifically for use in propulsion strategies at 
micro- and nanoscale using light as the energy source. 
Here we describe a model based on the concept of restoring force that relates the force 
dependent molecular properties of a photoactuating monomer (stiff stilbene) to the key 
performance features, such as power output, energy conversion efficiency, and stall force, of an 
individual molecule of oligo(stiff stilbene) in a typical photomechanical cycle. By combining 
experimental measurements and quantum-chemical calculations we estimated the quantum yields 
and free energies of activation for photo- and thermal isomerization of stiff stilbene and the 
molar absorptivities of the E isomer as a function of its restoring force up to ~600 pN. Finally, 
we used these data to estimate the maximum attainable as a function of the operating conditions 
(external load, operating frequency, photon flux). 
Stiff stilbene, existing as either a short Z or a long E isomer, offers important advantages 
as building blocks for photoactuating polymers compared to more extensively studied candidates 
such as azobenzene.
9,10
 Its large structural change upon photoisomerization may generate 
substantial mechanical work, whereas the high activation barrier that separates the two isomers 
(~43 kcal/mol) minimizes unproductive thermal relaxation of the strained state (see blow).
13
 On 
the other hand, the ~400 nm light that is used to cleanly interconvert the two isomers is long 
enough in wavelength to minimize photobleaching. Extensive knowledge of the photo- and 
thermal isomerizations of its simpler analogue, stilbene (1,2-diphenylethylene), offered 
important background for interpretation of the force dependent kinetics.
14-18
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4.3 Results 
4.3.1 Operational model of a photoactuating polymer. 
The performance of a photoactuating polymer is ultimately limited by the force-
dependent kinetics of the actuating and side reactions of its monomer. The interpretational 
framework for motor proteins is useful for molecular understanding of the operation of a 
photoactuating polymer whose monomers act non-cooperatively.
19
 Here we illustrate such an 
operational model with a prototypical photoactuating polymer based on C=C photoisomerization.  
In the ―power stroke‖ limit, where thermal fluctuation can be neglected,19 conformational 
changes upon photon absorption by the unstrained isomer, ER, propel the external load against 
force, fext (Figure 4.1). As the monomer evolves towards the Z geometry, its restoring force, frest, 
decreases till it reaches the external force, fext, trapping the monomer in a metastable strained Z 
conformation, ZS. Photoisomerization in the working stroke often occurs reversibly and may be 
accompanied by ZS→ER thermal relaxation, both processes consuming energy input without 
generating productive output. For the load to undergo net translation it must uncouple from the 
conformational motion required to regenerate the initial ER isomer upon absorption of another 
photon.
7
 In the steady state the limiting conversion efficiency, , and power output, P, can be 
expressed as functions of molecular properties of the monomer (force-dependent quantum yields, 
; rate constant of thermal relaxation, kr; molar absorption coefficients, ; and difference in 
dimensions of the two isomers along the translating vector, Δl) and operating parameters 
(external force, f; turnover frequency, kf; intensity and wavelength of incident irradiation, I and 
) (eqs. 4.1 and 4.2). 
  
                        
(                   )(                )           (             )
 4.1) 
  
  
                  
  [(             )(                )        (             )]
 4.2) 
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Figure 4.1. A single photomechanical cycle of a hypothetical photoactuating polymer based on 
photoisomerization of a C=C bond (red) operating on a load (ball), highlighting the productive 
(blue) and energy-dissipative (green) processes. ER, ZS, and ZR are the relaxed E, strained Z, and 
relaxed Z states, respectively; A→B is the quantum yield of photoisomerization from A to B, A is 
the molar absorption coefficient of A at the wavelength of irradiation, I is the photon flux, kr is 
the rate constant of ZS→ER thermal isomerization, kf, the turnover frequency, equals the rate 
constant of cargo detachment in the ZS state, l, defined as the net translation of the external load 
during each productive cycle, equals the conformational change of the monomer upon 
photoisomerization. 
Details about derivation of eqs. 4.1 and 4.2 are given in Appendix I. In addition, stall 
force can be estimated when the power output or efficiency approaches zero. The structure and 
reactivity of the strained conformer, ZS, is a function of its restoring force. Consequently, its 
photoabsorption properties and the kinetics of any processes by which ZS forms or decays are 
force-dependent (highlighted in blue), and such force dependence of both thermal (kr) and photo- 
(ER→ZS andZS→ER) isomerizations must be known in order to identify the optimal operational 
conditions and improve the limiting performance. 
4.3.2 Design and synthesis of macrocycles 
We previously demonstrated that series of macrocyclic stiff stilbenes with their 6,6′-
positions constrained by an inert linker containing a reactive moiety offer unique insights into 
how restoring force affects kinetics of mechanistically diverse reactions.
9-12
 Mechanical 
equilibrium in a macrocycle requires that stiff stilbene moiety experiences restoring force of 
identical magnitude in the opposite direction. Consequently, a similar strategy can be employed 
to investigate force dependence of C=C isomerizations in stiff stilbene. Here we designed a 
series of macrocycles 2-19 (Figure 4.2), in which stiff stilbene is bridged by an inert strap of 
various sizes (16-20 atoms) containing diverse functionalities, from flexible aliphatic, disulfide, 
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and alcohol to more rigid ester, ketone and cyclobutene groups. The stiff stilbene moiety in E 
macrocycles experiences compressive forces that are systematically controlled by the length and 
conformational flexibility of the strap, therefore strained E macrocycles and strain-free Z 
analogues form a close mimic of the ZS and ER forms in photoactuating polymers. Non-
macrocyclic 6,6′-dimethoxy stiff stilbene (1) serves as a force-free reference. 
 
Figure 4.2. Structures of series of non-macrocylic (1) and macrocyclic (2–19) stiff stilbenes used 
to investigate the force dependence of photo- (black and red) and thermal (black and blue) 
isomerizations of the C=C bond in stiff stilbene. In order to fine tune restoring forces 
experienced by stiff stilbene, a variety of functional groups were incorporated in the straps of 
different lengths: aliphatic (2–4), cyclobutene (5–11), disulfide (12–15), ester (16–17), ketone 
(18) and alcohol (19). Only the thermodynamically more stable stereoisomers (E-1 and Z-2–Z-
19) are shown. 
We synthesized Z-2–Z-19 in 3-11 steps and 2-34% overall yields.20 Macrocyclization was 
effected in dilute solutions either with intramolecular McMurry coupling of a strap-connected 
indanone pair yielding the desired Z isomer (2–11 and 16–19),21 or with oxidation of Z stiff 
stilbene dithiols to form the corresponding disulfides (12–15). On the other hand, intermolecular 
McMurry coupling of 6-methoxy indanone afforded E-1 as the major product. The chemical 
identity and purity of 1–19 were confirmed by 1H and 13C NMR spectroscopies, high-resolution 
MS and HPLC. Their UV/vis absorption spectra were dominated by the stiff stilbene 
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chromophore at ~350 nm, and can be systematically tuned by the 6,6′-alkoxy substituents, each 
red-shifting the absorption maxima by ~5 nm. 
Irradiation of 1–19 with 365±7 nm light cleanly generates photostationary mixtures of Z 
and E isomers (Figure 4.6), which we characterized with 
1
H NMR and UV/vis spectroscopies 
and HPLC. The thermodynamically less stable isomers (Z-1 and E-2–E-19) showed a blue shift 
of the HOMO-LUMO transition maximum, similar to the reported steric effects on alkene 
absorption.
16
 Unlike regular Z stilbene, where appreciable photocyclization often occurs giving 
dihydrophenanthrene,
15
 no evidences of side reactions were observed for stiff stilbenes. 
The restoring forces that the stiff stilbene moiety experiences in E-2–E-19 were revealed 
by quantum mechanical calculations following a procedure reported by our group.
9-12
 Briefly, 
force imposed along the 6,6′-positions of E stiff stilbene was iteratively varied until its optimized 
geometry reproduces that in the distorted macrocycle (with minimum root mean-squared 
deviation of its non-H atoms). Boltzmann-averaged force was obtained from all E conformers 
within 1.5 kcal/mol of global minima. 
All calculations were benchmarked against the measured activation parameters of E→Z 
thermal isomerizations in 2–19 (see below). DFT results with H-GGA or HM-GGA functional 
and triple- quality basis sets reproduce the experimental results with chemical accuracy.20 The 
diverse linkers we chose offer a wide range of restoring forces (0–600 pN) with small increments 
(~50 pN, Table 4.2). Force experienced by the stiff stilbene moiety correlates largely inversely 
with the size of macrocycle. 
4.3.3 Force dependence of photoisomerizations 
Kinetics of Z/E photoisomerizations is fundamentally governed by the quantum yields of 
reactions in both directions (Z→E and E→Z).
16
 We measured both quantum yields in 1–11 and 16 
by irradiating them with 365 nm light in anaerobic dilute hexanes solutions at 25.0±0.1 °C 
(Figure 4.3, Figure 4.7, Table 4.3). At zero force both Z→E and E→Z are close to 0.5, suggesting 
a likely symmetric excited state surface from both E and Z Franck-Condon regions to the conical 
intersection. At forces <600 pN, they both change largely linearly with the restoring force that 
stiff stilbene experiences. The monotonous decrease of Z→E resulted in E stiff stilbene barely 
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accessible at ~600 pN with zero Z→E and unity E→Z in 11, the smallest macrocycle in this 
series. Prolonged photoirradiation of even smaller macrocycles results in their decomposition.
22
 
The fraction of E isomer in the photostationary state largely decreases across the series at 
increasingly higher restoring forces. In the absence of any side reaction, the photostationary 
composition is defined by  
  
  
 
      
      
 4.3) 
where x and  are the fraction and molar absorption coefficient.16 We determined that restoring 
force that stiff stilbene experiences perturbs the photostationary composition by affecting not 
only quantum yields but also molar absorption coefficients. Whereas the molar absorption 
coefficients of strain-free Z macrocycles stay largely constant, those of strained E isomers 
increase monotonously with force. For example, values of dialkoxy E stiff stilbenes at 365 nm fit 
well into a linear function of restoring force.
23
 
4.3.4 Force dependence of thermal isomerizations 
Since a strained E macrocycle is thermodynamically less stable than the Z analogue 
(Figure 4.5), heating an anaerobic alkane solution of photostationary mixture of 3, 4, and 11-19 
in the dark resulted in clean E→Z conversion. Progress of their thermal isomerizations was 
followed with HPLC, and the activation enthalpy and entropy (H‡ and S‡) were determined 
between 30 and 140 °C, depending on the macrocycle (Figure 4.8, Figure 4.8). Kinetics of C=C 
isomerization in 5–10 is experimentally unavailable because C-C scission in cyclobutene occurs 
preferentially.
9,11
 However, E-11, the most strained macrocycle, is labile enough towards C=C 
isomerization to compete with its C-C scission, therefore kinetics of both reactions was 
determined from continuous irradiation.
9,11
 
E→Z thermal isomerizations of stiff stilbenes proceeded with rates spanning 21 orders of 
magnitude across the series. Whereas this reaction is intrinsically slow in non-macrocylic 
stilbene characterized by ~43 kcal/mol activation barrier,
13
 the rate becomes increasingly faster 
at higher restoring forces in all macrocycles, analogous to the known higher reactivities of 
sterically congested alkenes.
18,24
 Under compressive force of ~600 pN in E-11, the free energy of 
activation (G‡) at 25 °C is lowered by 28 kcal/mol, corresponding to sextilion (1021) fold 
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acceleration giving half life of ~1 ms (as opposed to billions of years for free stilbene). 
Accelerations in the macrocycles resulted primarily from a decrease in activation enthalpy, 
whereas activation entropies remain fairly constant throughout the series. The free energies of 
activation at 25 °C decrease largely linearly with restoring forces of the stiff stilbene moiety. 
 
Figure 4.3. The measured quantum yields of photo- (blue and red) and activation free energies of 
thermal (green) isomerizations of stiff stilbene as a function of restoring force in the E isomer 
calculated at the uBMK/6-311+G** level, which accurately reproduced all measured H‡ and 
G‡. 
4.4 Discussions 
4.4.1 Force dependence of photo- and thermal isomerizations 
We investigated the kinetics of both photo- and thermal isomerizations of C=C bond in 
stiff stilbene under restoring forces—two reactions critical to estimating the limiting 
performances of photoactuating polymers. Herein we designed and synthesized a series of 
macrocyclic stiff stilbenes constrained by straps of variously lengths and conformational 
flexibilities, and measured the force-dependent quantum yields of photo- and activation 
parameters of thermal isomerizations. 
Both quantum yields and free energies of activation showed surprisingly simple linear 
force/rate relationships, supporting our previous findings that first-order Taylor expansion 
predicts well force-dependent kinetics of structurally and mechanistically diverse reactions.
10
 
The molecular axis defining the dimension of stiff stilbene serves as a robust reaction coordinate 
in both photo- and thermal isomerizations. However, because the large geometric change of stiff 
stilbene allows its partial relaxation along the reaction path, isomerizations proceed under 
changing restoring forces and must be taken into account in quantitative interpretation. 
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4.4.2 Fundamental limit on the performances of stiff stilbene photoactuating 
polymers 
The empirical knowledge of force-dependent molar absorption coefficients and kinetics 
of both photo- and thermal isomerizations presented above enabled us to estimate all force-
dependent parameters (blue in eqs. 4.1 and 4.2) and the limiting performances of a 
photoactuating polymer. To illustrate the approach we consider a generic photoactuating polymer 
in which stiff stilbene moieties are connected at 6,6′ positions with short flexible linkers.25 
Because of yet-unsolved design issues of macrocycles, our kinetic data were acquired under 
compressive forces experienced by stiff stilbene, instead of tensile forces that are presumably 
simpler to implement in photoactuating polymers (Figure 4.1). However, the measured quantum 
yields suggest a likely symmetric force dependence, i.e., tensile force may affect Z→E 
isomerization similarly to compressive force affecting E→Z isomerization, and vice versa. We 
here assumed a symmetric force dependence as well for thermal isomerization kinetics and the 
molar absorption coefficients of both isomers.
26
 We also assumed that kf is force-independent. 
Both efficiency and power output of a stiff stilbene monomer estimated with eqs. 4.1 and 
4.2 manifest volcano-type dependence on the restoring force of stiff stilbene moiety (Figure 
4.4A), characterized by maximum efficiency, max, and maximum power output, Pmax. Such 
behavior resulted from larger mechanical work in each productive cycle at higher restoring force, 
but in the meantime lower turnover rate due to less favorable photochemical formation of ZS and 
its faster relaxation (both thermal and photochemical). The cycle cannot proceed because of 
inaccessibility of ZS at a stall force of ~600 pN. Both max and Pmax can only be obtained 
numerically because the exponential dependence of kr on force in general can not be neglected. 
An estimate of the limiting performances of a photoactuating polymer was achieved by 
global analysis of operating conditions—turnover frequency (kf) and intensity (Figure 4.4B). 
Whereas max plateaus at ~2.1% at high kf and low intensity, Pmax theoretically shows no upper 
limit and in practical is limited by the highest kf and intensity amendable without 
photobleaching. Although higher kf always contribute to higher max and Pmax (Figure 4.4C), in 
this work an upper limit is set to be 100 s
-1
, comparable to the turnover frequency of motor 
proteins such as kinesin. On the other hand, higher light intensity improves Pmax at the expense 
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of lower max (Figure 4.4D), therefore the optimal intensity can be determined to yielding a 
suitable balance of Pmax and max according to different needs. For example, an intensity of 0.06 
mol m
-2
 s
-1
 may generate half of Pmax at half of max. Efficiency and power output often reaches 
their maxima at forces between 180 and 340 pN, depending on the operating conditions. 
A       B 
 
C       D 
  
Figure 4.4. Estimated limiting performances of a stiff stilbene photoactuating polymer. (A) 
Efficiency (, blue) and power output (P, red) estimated from eqs. 4.1 and 4.2 exhibit volcano-
type dependence on restoring force of stiff stilbene, characterized by maximum efficiency, max, 
and maximum power, Pmax. (B) 3D plot of max and Pmax (scaled by 5×10
16
) as a function of kf 
and light intensity. (C) Cross section of (B) at light intensity of 0.3 mol m
-2
 s
-1
 photons 
illustrating the monotonous increase of max (blue) and Pmax (red) with kf, plateauing at limiting 
max of ~2.1%, which is independent of light intensity, and at limiting Pmax of ~3×10
-19
 W, which 
is intensity-dependent. (D) Cross section of (B) at kf of 100 s
-1
 illustrating that Pmax (red) 
increases monotonously with intensity at the expense of lower max (blue), and plateaus at 
~5.7×10
-19
 W, which is a function of kf. The limiting max value at minimum intensity is kf-
independent. 
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Cargo detachment from a ZS-stiff stilbene proceeds under restoring force and may also be 
force-dependent. Its acceleration would give rise to higher turnover frequency under larger 
forces, therefore improve Pmax without sacrificing max. For example, a reaction with similar 
force dependence of C-C dissociation in cyclobutene would lead to Pmax of 4 orders of magnitude 
higher. Stall force, on the other hand, remains the same, but can be modified by changing the 
structure of stiff stilbene monomer.
27
 
4.4.3 Comparison with motor proteins 
Table 4.1. Comparison of typical characteristics of kinesin and the limiting performance of a 
photoacuating polymer of stiff stilbene of 30 kDa (degree of polymerization of 100). A 
comparable power output may be achieved when kf of the photoactuating polymer is no larger 
than 100 s
-1
 (a typical turnover rate of kinesin) driven by 2 mol m
-2
 s
-1
 irradiation at 365 nm. On 
the other hand, the limiting efficiency of 2% is much lower than that of kinesin and can only be 
realized at much lower light intensity (≤ 0.01 mol/m2 s-1) accompanied by ~85% decrease of 
power output. kf is assumed to be force-independent. 
 Kinesin
28-30
 Photoactuating polymer 
Power output (W) 10
-18
-10
-17
 6×10
-17
 
Unit power output (W/g) 15 1200 
Stall force (pN) 7 600 
Efficiency 50% 2% 
 
Our model suggests that a simple stiff stilbene photoactuating polymer may achieve 
comparable limiting performance compared to its biological counterparts—motor proteins. For 
example, a photoactuating polymer of 30 kDa operating at kf ~100 s
-1
 and I ~ 0.3 mol m
-2
 s
-1
 may 
produce up to 5×10
-17
 W, higher than the output of motor proteins powered by ATP hydrolysis 
(10
-18
-10
-17
 W) (Table 4.1).
28
 The high stall force (~600 pN) compared to 5~7 pN of kinesin also 
highlights the higher rigidity of the stiff stilbene moiety compared to motor proteins.
29,30
 On the 
other hand, many motor proteins, such as kinesin, operate at nearly stall force with very high 
(~50%) efficiency.
30
 The efficiency of a photoactuating polymer, however, is fundamentally 
limited by its structure and quantum yields of photoisomerizations, and may not exceed ~2.1% 
for poly(stiff stilbene) with 6,6′-positions connected with aliphatic linkers under 365 nm 
irradiation. Modification of its substituents and attachment positions is one potential strategy to 
improve this limit.
27
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The limiting performances discussed herein are fundamentally limited by factors on the 
monomer level. Since nonidealities of microstructure of actuating polymers could lower the 
attainable efficiency by >100-fold,
1
 identifying strategies to minimize their effects is another 
important step in developing practical photoactuating polymers. 
4.5 Conclusions and Outlook 
In conclusion, the size-invariance of restoring force allows the limiting performances of a 
photoactuating polymer to be estimated with the knowledge of force-dependent kinetics of its 
monomer before it is synthesized and properties are studied. By integrating physicochemical 
measurements and quantum-chemical calculations, we determined the kinetics of both photo- 
and thermal isomerizations of C=C bond in series of stiff stilbene macrocycles at restoring forces 
up to ~600 pN, which disfavors the formation of strained state and facilitates its thermal and 
photochemical relaxations under higher restoring force. Our proposed photoactuating model 
enabled prediction of the maximum attainable from poly(stiff stilbene): comparable power 
output and much higher stall force, despite of lower efficiency, compared to motor proteins, 
making it potentially attractive as light-powered ―artificial muscles‖. 
The restoring force formalism presented above not only may assist identifying 
operational conditions of photoactuating polymers, but also holds great promise for guiding their 
engineering to meet different needs. For example, the photoabsorption properties and force/rate 
relationship of stiff stilbene may be altered upon substitution,
27
 therefore allow for systematic 
tuning of the photoactuating performance. On the other hand, knowledge about the temperature 
dependence of force/rate relationships would play an important role in identifying optimal 
operating temperatures, therefore may lead to photoactuating polymers suitable for different 
temperatures. 
4.6 Experimental 
4.6.1 Materials, equipment and softwares 
Commercial reagents of the highest available purity from Aldrich or Fisher were used 
without further purification unless stated otherwise.  Reagent grade (99%) heptane and nonane 
from Aldrich were dried with Na and filtered in N2 before use in kinetic measurements of 
thermal isomerization. HPLC grade hexanes from Fisher were used in all photokinetic 
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experiments. Analytical and preparative thin layer chromatography (TLC) was performed on 
silica gel 60 (Fisher and Aldrich, respectively). 
Irradiation was performed in vessels sealed under N2 using high-intensity diode light 
sources from Opto Technology with light output at 365 ± 7 nm. Light intensity was controlled 
with a custom-made constant-current controller. UV-vis spectra were recorded on a Cary 50 UV-
vis spectrophotometer using custom-made temperature-controlled cell holders with active 
feedback that allowed us to maintain a set temperature to within 0.5 °C. 
HPLC was performed on a Shimadzu Prominence LC system with LC-20AT solvent 
delivery unit, DGU-20A5 degasser, SPD-M20A photodiode array detector, CBM-20A system 
controller, and Rheodyne 7725i manual injector. Normal and reverse phases HPLC were 
performed with silica or C18 columns, respectively, both of 25 cm × 4.6 mm, 5 µm particles from 
J. T. Baker.  
Symbolic calculations in deriving the model of a photoactuating polymer (Appendix I) 
were performed with Wolfram Mathematica (v7.0.1.0); numerical analysis of the efficiency and 
power output was carried out in Matlab (v7.9.0, R2009b). 
Detailed synthesis and 
1
H, 
13
C NMR, UV/vis, and high-res MS characterization of the Z 
and E 1–19 will be reported elsewhere.20 
4.6.2 Kinetics of photoisomerization 
1 mL 8–50 M solutions of 1–10 and 16 in hexanes with absorbance at 365 nm of 0.1–
0.4 were transferred into sealed vessels under N2 atmosphere, maintained at a set temperature 
(±0.5 ºC) before photolysis was performed using 365±7 nm diode under vigorous stirring of the 
solution (absorbance at 365 nm of up to 0.7 introduces <15% error of quantum yields). 
Photoisomerization was followed during irradiation at a pre-determined wavelength with 
maximum change of absorbance until the temporal change of absorbance is within instrumental 
error, i.e., photostationary state is reached. An aliquote (20 L) of photostationary solution was 
analyzed by normal-phase HPLC. The fraction of the E isomer, xE, was determined with eq. 4.4 
from (1) xE,, its percentage obtained from the integrated areas of the peaks in the chromatogram 
at the monitoring wavelength, ; (2) AZ, and APSS,, the absorbance of the Z isomer and the 
photostationary state, respectively, at the HPLC monitor wavelength. 
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Z→E was obtained by plotting ―xE function‖ (left part of eq. 4.5) vs. the wavelength-
averaged integral in the right part of eq. 4.5. 
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where   
  is the fraction of E isomer at time , A is the absorbance of the solution, the 
meanings of other symbols are given in Figure 4.1. E→Z was calculated according to eq. 4.6. 
         
   ̅̅ ̅̅
   ̅̅ ̅̅
 4.6) 
Detailed derivation of the photokinetic model is given in Appendix II. We assumed that 
(1) quantum yields are independent on the irradiation wavelength in the range of considerable 
light intensity (350–385 nm);31 (2) that peak molar absorption coefficients of Z stiff stilbene 
macrocycles are 20000 M
-1
 cm
-1
.
23
 
Light intensity was measured with the standard K3Fe(C2O4)3 chemical actinometer. An 
wavelength-averaged quantum yield of 1.21 was used in the range of emission spectrum of the 
diode.
16
 
4.6.3 Kinetics of thermal isomerization 
1 mL 50 M photostationary solutions of 3, 4, and 12-19 in anaerobic nonane or heptane 
in 2 ml amber vials were maintained in the dark at a particular temperature between 30 and 140 
°C, depending on the macrocycle, and the progress of E→Z isomerization was followed by 
analyzing different aliquotes (50 l) with normal- or reverse-phase HPLC to give the first-order 
rate constants. Activation parameters (H‡, S‡ and G‡) were determined from Eyring plots. 
Detailed studies of E-11 were reported previously.
11
 
4.6.4 Derivation of the model of a photoactuating polymer 
In the operational cycle shown in Figure 4.1 we neglected attachment of another cargo at 
the end of each cycle, which would unlikely affect the overall trends because its attachment 
should not be the rate determining step under sufficiently high concentrations of external load. 
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Under steady state, the probabilities of the monomer being in the three possible states,    ,    , 
and    , stay constant over time, therefore must satisfy the following set of three equations: 
{
 
 
 
 
    
  
               (                )     
    
  
                                    
             
  4.7) 
Solving eq. 4.7 yields the three steady-state probabilities: 
{
 
 
 
 
 
     
         (                )
(                   )(                )           (             )
    
                   
(                   )(                )           (             )
    
   [      (                )          ]
(                   )(                )           (             )
  
4.8) 
The power output can be expressed as the product of mechanical work against the 
external force in each cycle (force times net translation,    ) and its turnover rate (     ): 
           4.9) 
Replacing    with its expression in eq. 4.8 gives the power output shown in eq. 4.1. On 
the other hand, the power input equals the energy of photons absorbed by all three possible 
states, therefore can be written as 
    
  
 
 (                    ) 4.10) 
The efficiency of the photoactuating polymer is defined as 
        4.11) 
Finally, applying the steady-state probabilities in eq. 4.8 simplifies eq. 4.11 to the 
efficiency expressed in eq. 4.2. 
4.6.5 Calculation of quantum yields of photoisomerizations 
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The equations below were modified from reported kinetic models of photoisomerization 
under monochromic light to accommodate the polychromic nature of our irradiation.
32,33
 In this 
derivation we assume that quantum yields are independent of wavelength in the range of 
appreciable light intensity.
31
 All wavelength-dependent variables are indicated by (). For 
photoisomerization 
 
with xE(t = 0) = 0, xE(t = ∞) = 

Ex , under conditions that the solution is well mixed, one arrives at 
the following equation: 
)(
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At the photostationary state, dxE/dt = 0, giving 
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Replacing K() with the express above gives 
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Double numerical integration with respect to both  from 1 to 2 and t from 0 to  
(corresponding to xE from 0 to 

Ex  for the formula on the left) yields 
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where 
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Z→E can thus be obtained as the slope in a plot of 
EE
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E
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ln  (xE function in Figure 
4.7) vs g. 
At the photostationary state, dxE/dt = 0. Therefore  
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4.7 Supporting information 
 
Figure 4.5. Qualitative representation of the energy surface of stiff stilbene along the C6,C6′ 
axis. On the S0 surface, the two isomers are separated by a >170 kJ/mol barrier making 
photoisomerization, which requires electronic excitation to S1, the only important isomerization 
mechanism. Constraining stiff stilbene along its C6,C6′-molecular axis either by a macroscopic 
object such as AFM or a molecular fragment perturbs the S0 surface and generates a restoring 
force (energy gradient along the constrained axis). A compressive constrain (shown) decreases 
the quantum yield of Z→E and the activation energy of thermal E→Z isomerizations. These 
effects limit the maximum force obtainable from stiff stilbene. Perturbation of the S1 surface by 
the constraints is not shown.
11
 Reprinted with permission. Copyright 2009 American Chemical 
Society. 
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1       2 
 
3       4 
 
5       6 
  
Figure 4.6. Changes in the absorbance of hexane solutions of Z-1–Z-10 and Z-16 upon irradiation 
at 365±7 nm indicate that a photostationary state between the Z and E isomers establishes. The 
monitor wavelength and photon flux are listed in Table 4.2.  
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16 
 
Figure 4.6 (cont.).  
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Table 4.2. Experimental conditions of UV/vis kinetic measurement of Z/E photoisomerizations 
and HPLC characterization of both isomers. tR is the retention time. 
macrocycle 
I (mol m-2 
s-1) 
UV 
monitoring 
wavelength 
(nm) 
isosbestic 
point 
(nm) 
HPLC 
monitoring 
wavelength 
(nm) 
Eluent 
(EtAc in 
hexanes) 
tR,Z 
(min) 
tR,E 
(min) 
xE 
1 3.2×10
-5 365 358 358 1%  10.3 9.2 25% 
2 3.2×10
-5 365 360 360 5%  3.7 4.5 41% 
3 3.2×10
-5 337 361 361 10%  3.6 4.2 20% 
4 1.2×10
-5 365 N/A 344 10%  3.8 4.3 9% 
5 7.1×10
-5 365 351 351 
Reported previously.9 
6 3.2×10
-5 365 N/A 294 
7 3.2×10
-5 334 N/A 360 
8 3.2×10
-5 337 363 363 
9 1.2×10
-5 370 N/A 340 
10 1.2×10
-5 370 N/A 344 
16 3.2×10
-5 336 366 366 10%  14.3 18.7 18% 
 
1       2 
 
3       4 
 
Figure 4.7. Plots of 
EE
EE
E
xx
xx
x





0
ln  (xE function) vs. g with the slope equal to Z→E (see Appendix 
II for details and definition). Solid lines are linear least-squares fits to all points.  
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Figure 4.7 (cont.). 
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Figure 4.7 (cont.). 
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11       12 
 
Figure 4.8. Eyring plots of E→Z thermal isomerization of macrocycles 3-4 and 11-19. Some 
error bars are smaller than the markers. Solid lines are linear least-squares fits to all points. 
Detailed data processing for 11 were reported previously.
11
  
0
0.1
0.2
0.3
0.4
0.5
0.6
0 1 2 3 4
x
E
 f
u
n
c
ti
o
n
 
g 
-16
-15
-14
-13
-12
0.0024 0.0025 0.0026 0.0027
ln
 (
k/
T/
(s
-1
 K
-1
))
 
1/T (1/K) 
-17
-16
-15
-14
-13
-12
-11
0.0028 0.003 0.0032 0.0034
ln
 (
k/
T/
(s
-1
 K
-1
))
 
1/T (1/K) 
-19
-18
-17
-16
-15
0.0027 0.0028 0.0029 0.003 0.0031
-l
n
(d
(1
/k
ap
p
)/
d
I)
 
1/T (1/K) 
-19
-18
-17
-16
-15
-14
-13
0.0024 0.0025 0.0026 0.0027 0.0028
ln
 (
k/
T/
(s
-1
 K
-1
))
 
1/T (1/K) 
121 
 
13       14 
 
15       16 
 
17       18 
 
Figure 4.8 (cont.). 
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19 
 
Figure 4.8 (cont.). 
 
Table 4.3. Kinetic parameters of both photo- (Z→E and E→Z) and thermal (H
‡
, S‡, and G‡) 
isomerizations as a function of restoring force. The uncertainties in quantum yields are ~15%. 
Because oof the small variation in S‡ values, those for 1 and 11 were estimated from the 
average of all other macrocycles. Blank cells indicate data not applicable or not measured. 
macrocycle f (pN) Z→E E→Z 
H‡  
(kcal/mol) 
S‡   
(cal/mol/K) 
G‡   
(kcal/mol) 
1 0 0.46 0.47 42.8 ± 1.6 3 42 ± 2 
2 250 0.24 0.49    
3 350 0.17 0.71 29.5 ± 0.3 1.9 ± 0.8 28.9 ± 0.4 
4 390 0.09 0.59 25.6 ± 0.5 4 ± 2 24.4 ± 0.7 
5 170 0.20 0.32    
6 220 0.15 0.48    
7 350 0.16 0.64    
8 400 0.14 0.74    
9 500 0.11 0.56    
10 480 0.09 0.52    
11 590 0.0003 1 15 ± 1 3 14 ± 2 
12 360   31 ± 2 1 ± 6 30 ± 3 
13 250   33 ± 2 10 ± 4 30 ± 2 
14 320   29 ± 1 6 ± 3 27 ± 1 
15 350   27.8 ± 0.3 8.0 ± 0.9 25.5 ± 0.4 
16 230 0.15 0.59 27 ± 1 -7 ± 3 30 ± 1 
17 300   27 ± 1 0 ± 3 27 ± 2 
18 400   24.9 ± 0.5 3 ± 2 24.1 ± 0.7 
19 390   26.2 ± 0.4 6 ± 1 24.4 ± 0.5 
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Chapter 5. Macrocyclic disulfides for studies of sensitized 
photolysis of the S-S bond. 
 
Adapted from Huang, Z.;# Yang, Q.-Z.;# Kucharski, T. J.; Khvostichenko, D.; Wakeman, S. M.; Boulatov, 
R. Chem. Eur. J. 2009, 15, 5212-5214 (# equal contribution). Reproduced with permission. Copyright © 
2009, Wiley-VCH. Contributions from other authors are gratefully acknowledged. 
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5.1 Abstract 
We describe a series of macrocyclic disulfides containing stiff stilbene as the 
intramolecular photosensitizer designed for fundamental mechanistic studies of sensitized 
photolysis of the S-S bond. Preliminary studies revealed weak temperature dependence of the 
quantum yields, which decreased exponentially with Boltzmann-weighted average separation 
between the S-S bond and stiff stilbene. 
5.2 Introduction 
Sensitized photolysis of the disulfide bond underlies phenomena as diverse as quenching 
of indole fluorescence in proteins,
1
 photocuring of polymers
2
 and degradation of atmospheric 
pollutants. In addition, it is used to trigger rapid conformational changes in biophysical studies
3
 
and to study transport phenomena in solids.
4
 Fundamental understanding of the mechanism of 
this process offers an opportunity to gain molecular insight in these phenomena. 
Mechanistic studies of sensitized photolysis of the S-S bond have traditionally relied on 
intermolecular quenching of fluorescence of various polyaromatic hydrocarbons by disulfides. 
This approach is experimentally simple but allows no control over the separation and relative 
orientation of the fluorophore and the quencher or the conformational mobility of the generated 
thiyl radicals.
5,6
 Such control is essential, for example, for differentiating various mechanisms of 
energy transfer from the sensitizer to the S-S bond.
7
 To address these limitations we designed a 
series of macrocyclic disulfides incorporating stiff stilbene (red, Figure 5.2) as the 
photosensitizer. The small size of these macrocycles prevents photoisomerization of stiff 
stilbene, thus favouring other pathways of electronic relaxation. The average 
photosensitizer/quencher separation and the range of motion accessible to the resultant thiyl 
radicals are controlled by the length and the conformational flexibility of the linkers, X. 
Stiff stilbene offers important advantages over the polyaromatic hydrocarbons typically 
used to study sensitized disulfide photolysis. First, its synthetic elaboration is simpler than that of 
many polyaromatics such as pyrene. Second, absorption of Z stiff stilbene extends above 350 
nm, where the S-S bond is transparent, thus avoiding its direct photolysis. Third, upon S-S bond 
homolysis, Z→E photoisomerization of stiff stilbene proceeds with a high quantum yield and is 
accompanied by significant hypsochromic shift, which eliminates secondary photoreactions by 
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making the primary products transparent to the incident irradiation. The major limitation of stiff 
stilbene-photosensitizer is its relatively high internal conversion rates, aqueous insolubility, and 
photobleaching in the presence of free radical traps (Figure 5.10). 
 
Figure 5.1. Structures of disulfides 1-4. 
5.3 Results and discussions 
5.3.1 Synthesis and characterization of macrocyclic disulfides 
We synthesized 1-4 (Figure 5.1) in 6 steps and 10-20% overall yield from C6-substituted 
indanones.
8
 Facile intramolecular McMurry coupling of two indanones connected by a short 
ester linker yielded exclusively Z stiff stilbene.
9
 Reduction of the ester followed by the 
conversion of the diol to dibromide and subsequently to dithiol gives, upon oxidation with I2 
under dilute conditions, disulfides 1-4. Oxidation proceeds cleanly without oligomerization, 
which often complicates syntheses of macrocyclic disulfides,
10,11
 reflecting the conformational 
rigidity of stiff stilbene. This methodology allows easy access to many other macrocyclic 
disulfides, enabling a systematic study of sensitized S-S bond photolysis. 
The chemical identity and purity of 1-4 were confirmed by 
1
H NMR, high-resolution MS 
and HPLC (Figure 5.5). The UV/vis spectra of 1-4 (Figure 5.6, Table 5.2) are typical of Z stiff 
stilbene with an absorption band at ~350 nm arising from the -* transition. The -* transition 
of the disulfide moiety occurs at <300 nm in 2-4. In 1, it probably accounts for a relatively strong 
absorption band at 310 nm, which would suggest a distortion of the C-S-S-C dihedral from its 
preferred 90° value.
12 
5.3.2 Identification of photolysis products 
Irradiation of 60 M solutions of 1-4 in cyclohexene or cumene (good H donors) at ~370 
nm resulted in a gradual appearance of the E stiff stilbene chromophore (Figure 5.3 and Figure 
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5.7),
13
 indicating cleavage of the macrocycles. We analyzed the reaction mixtures by reverse-
phase HPLC, isolated the major components and characterized them by 
1
H NMR and HRMS 
(Figure 5.8 and experimental section). The major products were thiol/thioether A (Figure 5.4) in 
cyclohexene and dithiol B in cumene. Irradiation of 1 in cyclohexene generated, besides A and 
B, vicinal thioethers C. Irradiation of 1 in cumene was complicated by photobleaching (Figure 
5.9) and was not studied extensively. Under identical conditions irradiation of dibenzyl disulfide 
in cyclohexene results in no reaction, confirming the negligible importance of direct S-S bond 
photolysis in 1-4. 
 
Figure 5.2. Reactions of disulfides 1-4 when irradiated in cyclohexene or cumene. Stiff stilbene 
chromophore and sulfur atoms are highlighted in red and blue, respectively. 
5.3.3 Kinetic measurements and mechanistic and analysis 
The observed products are consistent with the known chemistry of thiyl radicals. Dithiol 
B is expected to result from each thiyl radical abstracting H atom from the same or different 
solvent molecules. Thiol/thioether A probably arose from H abstraction by one thiyl radical 
followed by recombination of the resultant -allylic radical with the other thiyl group generated 
from the same disulfide. Such recombination is suppressed in more sterically hindered cumene, 
accounting for the dominance of dithiol B. The formation of C illustrates how conformational 
constraints affect reaction paths available after S-S bond photolysis: addition of acyclic thiyl 
radicals to the C=C bond never results in vicinal thioethers. Whereas direct photolysis of 
disulfides leads to both S-S and C-S cleavage,
14
 we did not observe products of the S-C bond 
scission in 1-4.
5 
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Although radical traps have been used to capture thiyl radicals, yet we have not been able 
to find a radical trap that would not lead to rapid irreversible bleaching of stiff stilbene when it is 
irradiated in the presence of mM concentrations of a trap (Figure 5.10). 
The kinetics of all irradiation experiments was followed with UV/vis spectroscopy. The 
disappearance rate of 1-4 was 1
st
 order in the disulfide, 0
th
 order in the H donor (when present at 
2 M concentration in hexanes), proportional to the photon flux and exponentially temperature-
dependent. Pseudo-first-order rate constants on the order of 10
-3
 s
-1
 for disulfide 1 and 10
-4
 s
-1
 for 
2-4 (Table 5.1). The photon-flux dependence of the rate reflects the quantum efficiency of 
sensitized S-S bond photolysis, photo (eq. 5.1). Such kinetic behaviour, combined with the 
known chemistry of thiyl radicals, enabled us to propose the following mechanism to account for 
the formation of the observed products that consists of four steps (Figure 5.4): (1) sensitized 
photolysis of the S-S bond with the photon-flux dependent rate constant kphoto = Issphoto, (2) 
recombination of the resultant thiyl radical with the rate constant of krec, (3) reactions of thiyl 
radicals with the solvent, RH (hydrogen abstraction from RH, recombination with R
•
 and/or 
addition to cyclohexene) generating Z-A, Z-B and/or Z-C with the composite rate constant of 
kRH, and (4) irreversible photoisomerization of the Z isomers with the rate constant kiso = 
Issphoto. 
 
Figure 5.3. (A) UV/vis spectral change during photolysis of 4 in cyclohexene at 375 nm, -10 °C 
and the photon flux of 3 mmol m
-2
s
-1
. Isosbestic points: 343, 350, and 360 nm. (B) The 
absorbance of 4 (shown at  = 365 nm as example) decays exponentially with time with the rate 
constant k (eq. 5.1). The red curve is the least-squares fit. 
The reported rate constants of H abstraction by alkyl thiyl radical, addition of thiyl 
radical to olefin, and recombination of a pair of radicals are 107 M-1 s-1, ~104-107 M-1 s-1, ~1010 
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s
-1
.
15-17
 The quantum yield of Z/E isomerization of stiff stilbene is ~0.4 and at the photon fluxes 
used in our studies (3 mmol
-2
s
-1
), the rate constant of photoisomerization of Z-A, Z-B and Z-C is 
~1 s
-1
.
18,19
 At -10 °C, the sensitized photolysis of the S-S bond has a rate constant of kphoto = 
ISSphoto ~ 10
-2
 s
-1
, indicating that it is the rate determining step. The overall relationship 
between observed rate constant and those of individual steps therefore is 
rec
RHphotoss
RHrec
RHphotoss
k
RHkI
kk
RHkI
k
][
)(
][ 


  5.1) 
where k is the rate constant of disulfide disappearance, I is the photo flux and SS is the molar 
absorptivity of Z stiff stilbene disulfide; kRH and krec are the rate constants for H abstraction (and 
addition) and recombination of thiyl radical, respectively. 
 
Figure 5.4 Possible mechanism of reactions of disulfides 1-4 when irradiated in cyclohexene or 
cumene. Compounds A and B are transparent at 365-375 nm and do not isomerize to the Z form. 
The C-based radical R• was not observed. 
The activation energies, Ea, were obtained from measurements at 5 temperatures between 
-10 
o
C and 45 °C (Table 5.1, Table 5.3 and Figure 5.11). Because recombination of thiyl radicals 
is barrierless,
20,21
 for each disulfide measured Ea is a sum of the activation energies of the 
sensitized S-S bond photolysis and of H atom abstraction. Since measured Ea values are at the 
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low end of the reported activation energies of H atom abstraction by alkyl thiyl radicals (3-8 
kcal/mol),
22-26
 sensitized photolysis of the S-S bond in 1-4 must contribute <1 kcal/mol. 
Table 5.1. Kinetics of sensitized S-S bond homolysis in 1-4. 
disulfide H donor photokRH
[17]
/krec
[a]
 Ea (kcal/mol) rel
[b]
 
1 cyclohexene (17±1)×10
-4
 4.3±0.2 1 
2 cyclohexene (1.44±0.01)×10
-4
 2.7±0.1 10
-2
 
2 cumene (0.59±0.01)×10
-4
 3.8±0.1 10
-2
 
3 cyclohexene (0.65±0.02)×10
-4
 2.1±0.2 10
-3
 
4 cyclohexene (3.22±0.02)×10
-4
 2.8±0.1 10
-2
 
[a] At 45 °C. [b] Relative to photo of 1. 
Here it is worth noting that the effect temperature-dependent solvent viscosity on the 
activation parameters is likely negligible. Viscosity of the solvent affects the kinetics of chemical 
reactions involving diffusive processes (including conformational change in the reactant 
molecules and/or rearrangement of the solvent sphere), and such effects may be important for 
reactions with low activation energy.
27
 In the proposed mechanism, both forward (H abstraction 
and/or addition to olefin) and backward (radical recombination) reactions should display similar 
viscosity dependence, thus likely canceling out the viscosity dependence of the overall activation 
energy (Ea). Consequently, we did not to correct the measured rate constants for changing 
viscosity. 
Assuming that the measured activation energies arise solely from the H abstraction step 
we estimated the relative quantum yields of the photosensitized S-S bond homolysis in 
macrocyclic disulfides 1-4, rel (Table 5.1). Consistent with the assumption, the estimated values 
of rel were independent of H donor. To gain further insights into the observed trend in rel we 
calculated all conformers of 1-4 at the PW91P86/cc-pVTZ level of DFT.
8
 In the series of 
homologous disulfides, 1-3, the quantum yield of sensitized photolysis decreases exponentially 
with the Boltzmann-averaged separation between the S-S bond and stiff stilbene (Figure 5.12 and 
Table S5), which could be consistent with a superexchange mechanism
28
 photosensitization
29
. 
The structural motifs described here allow this hypothesis to be tested broadly. 
5.4 Experimental 
Synthesis and quantum mechanical calculations of the disulfides 1-4 were performed by 
other authors,
8
 with details reported therein. 
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5.4.1 Materials and equipment 
Cyclohexene was refluxed with maleic anhydride overnight to remove cyclohexa-1,3-
diene, washed with dilute acidified FeSO4 solution, treated with Na/benzophenone until solution 
was dark green, distilled under vacuum, and stored under nitrogen. Cumene was treated with 
Na/benzophenone, distilled under vacuum, and stored under nitrogen. 
Irradiation was performed in thermostated vessels under N2 atmosphere using high-
intensity diode light sources from Opto Technology with light output at 365±7 nm or 375±7 nm. 
Light intensity was controlled with a custom-made constant-current controller and photon flux 
reaching the cuvettes was measured by the standard K3Fe(C2O4)3 chemical actinometer.
30
 UV-vis 
spectra were recorded on Cary 50 UV-vis spectrometer using custom-made temperature-
controlled cell holders with active feedback that allowed us to maintain a set temperature to 
within 0.5 ºC.  
HPLC was performed on a Shimadzu Prominence system with LC-20AT solvent delivery 
unit, DGU-20A5 degasser, SPD-M20A photodiode array (PDA) detector, CBM-20A system 
controller, and Rheodyne 7725i manual injector, using a J.T. Baker C18 column (25 cm by 4.6 
mm, particle size: 5 m diameter). High-resolution mass spectrometry (HRMS) was performed 
on Micromass 70-VSE mass spectrometer at the University of Illinois Mass Spectrometer 
Center.
 1
H NMR spectra of macrocycles 1-4 and synthetic intermediates were recorded on 400 or 
500 MHz Unity-INOVA Varian spectrometers at room temperature. 
1
H 1D and gCOSY NMR spectra of 10-60 nmol products isolated after photolysis of 1-4 
in cyclohexene/cumene were recorded on 600 MHz Unity-INOVA Varian spectrometer at room 
temperature. A 600 MHz ICG CapNMR probe was provided for use by Protasis/MRM 
Corporation of Savoy, IL. The probe is fully compatible with the NMR spectrometer above. The 
probe has a 5-L NMR flow cell, has a proton observe channel, and an indirect/direct carbon 
channel, with deuterium lock. Samples were manually injected from a 25-L syringe after 
calibration of the solvent delivery volume. These NMR spectra were interpreted with the 
assistance of ACD/1D NMR Assistant and ACD/2D NMR Manager softwares provided by 
Protasis/MRM. 
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The kinetics of all photolysis experiments was followed with UV/vis spectroscopy during 
irradiation. 
5.4.2 Characterization of photolysis products 
1.6 mL 60 M solutions of 1-4 in cyclohexene or cumene were transferred into sealed 
vessels under N2 atmosphere, maintained at a set temperature (±0.5 ºC) using custom-made 
temperature-controlled cell holders with active feedback, and photolysis was performed using 
high-intensity diode light sources with light output at 365±7 nm or 375±7 nm. The photon flux, 
I, was (3.63±0.07)×10
-3
 Einstein m
-2
 s
-1
 for the 365 nm light source and (2.96±0.07)×10
-3
 mol m
-
2
 s
-1
 for the 375 nm light source. An aliquote (0.1 mL) solution after photolysis was analyzed by 
HPLC on a C18 column with CH3CN/H2O as the mobile phase, and UV/vis spectra were 
measured by photodiode array (PDA) detector. The rest of the samples were dried, redissolved in 
0.2 mL CH3CN/H2O mixture, and isolated by HPLC with the same condition. 10-60 nmol 
isolated products were characterized by EI high resolution MS and 
1
H 1D and gCOSY NMR 
with an ICG CapNMR probe. 
Isolated products were characterized with
 1
H NMR, HRMS-EI, UV/vis and HPLC. 
UV/vis spectra are reported as the peak positions (in nm) and their relative molar absorptivities 
(compared to the stiff stilbene peak); sh indicates shoulder. 
 
1
H NMR: 7.56 and 7.55 (s, 2H, CH(1 and 1')), ~7.26 and ~7.25 (overlap with solvent, 
CH(3 and 3')), 7.17 and 7.16 (d, 
3
J = 7.3 Hz, 2H, CH(2 and 2')), 5.79 (m, 1H, CH(8)), 5.68 (m, 
1H, CH(9)), 3.81 (app d, 
4
J = 5.3 Hz, 2H, CH2(6)), 3.79 (d, 
3
J = 6.9 Hz, 2H, CH2(6')), 3.33 (br s, 
1H, CH(7)), 3.18 (m, 4H, CH2(4 and 4')), 3.10 (m, 4H, CH2(5 and 5')), 2.07-1.82 (m, ~8H, 
CH2(10, 11 and 12)), 1.79 (t, 1-2H, SH). HRMS-EI: [M]
+
 calcd for C26H28S2: 404.16325, found 
404.16318. UV/vis: 347 (0.97), 331 (1), 316 (0.55), 295 (0.46), 285 (sh, 0.38). HPLC: tR 11.7 
min (H2O/CH3CN 10/90). 
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UV/vis: 347 (0.97), 330 (1), 316 (0.60), 295 (0.50), 282 (sh, 0.42). HPLC: tR 6.1 min 
(H2O/CH3CN 10/90), confirmed with authentic sample. 
Both syn and anti additions of the disulfide 1 across the C=C bond of cyclohexene yield 
two pairs of diastereomers, which are not distinguishable by NMR: 
 
 
1
H NMR: 8.37 (s, 2H, CH(1)), 7.18 (d, 
3
J = 7.7 Hz, 2H, CH(3)), 6.98 (d, 
3
J = 7.8 Hz, 2H, 
CH(2)), 4.01 (d, 
2
J = 14.3 Hz, 2H, CH(6)), 3.62 (d, 
2
J = 14.3 Hz, 2H, CH(6')), 3.25 (m, 2H, 
CH(7)), 2.96 (m, 4H, CH2(4)), 2.81 (m, 4H, CH2(5)), 1.89-1.81 (m, 2H, CH(8)), 1.79-1.66 (m, 
~4H, CH(8')), 1.4-1.2 (m, CH2(9)). HRMS-EI: [M]
+
 calcd for C26H28S2: 404.16325, found 
404.16564. UV/vis: 346 (1), 339 (sh, 0.96), 332 (sh, 0.85), 306 (0.56), 297 (0.56). HPLC: tR 14.8 
min (H2O/CH3CN 10/90). 
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1
H NMR: 8.17 (s, 2H, CH(1)), 7.24 (d, 
3
J = 7.8 Hz, 2H, CH(3)), 7.09 (d, 
3
J = 7.8 Hz, 2H, 
CH(2)), 3.75 (d, 
2
J = 16.0 Hz, 2H, CH(6)), 3.71 (d, 
2
J = 16.0 Hz, 2H, CH(6')), 3.15 (br s, 2H, 
CH(7)), 3.06-2.99 (m, 2H, CH2(4)), 2.94-2.87 (m, 2H, CH2(4')), 2.85-2.75 (m, 4H, CH2(5)), 2.18 
(m, 2H, CH(8)), 1.78 (m, 2H, CH2(8')), 1.61-1.55 and 1.49-1.44 (m, 4H, CH2(9)). HRMS-EI: 
[M]
+
 calcd for C26H28S2: 404.16325, found 404.16312. UV/vis: 357 (sh, 0.83), 343 (1), 310 (sh, 
0.50), 297 (sh, 0.48). HPLC: tR 22.2 min (H2O/CH3CN 10/90). 
 
1
H NMR: 7.42 (s, 2H, CH(1 and 1')), ~7.25 (overlaps with CHCl3, CH(3 or 3')), 7.22 (d, 
3
J = 7.6 Hz, 1H, CH(3 or 3')), 7.03 and 7.02 (d, 
3
J = 7.6 Hz, 2H, CH(2 and 2')), 3.74 (dt, 
3
J = 
4
J = 
7.9 Hz, 1H, CH(6a)), 3.51 (dt, 
3
J = 
4
J = 7.9 Hz, 1H, CH(6b)), 3.22-3.13 (m, 5H, CH2(4) and 
CH(9)), 3.13-3.06 (m, 5H, CH2(5) and CH(10)), 3.06-3.00 (m, 2H, CH2(7)), 2.96 (t, 
3
J = 7.6 Hz, 
2H, CH2(6')), 2.82 (dt, 
3
J = 7.6 Hz,
 3
J = 7.8 Hz, 2H, CH2(7')), 2.11-2.03 (m, 1H, CH(8)), 1.92-
1.84 (m, 1H, CH(13a)), 1.76-1.68 (m, 1H, CH(13b)), 1.59-~1.54 (m, overlaps with residual H2O, 
CH2(11)), 1.43 (t, 1H, 
3
J = 7.8 Hz, SH), 1.3-1.15 (m, ~2H, CH2(12)). HRMS-EI: [M]
+
 calcd for 
C28H32S2: 432.1946, found 432.1943. UV/vis: 346 (0.97), 330 (1), 315 (0.94), 303 (sh, 0.40), 293 
(0.39), 281 (sh, 0.29). HPLC: tR 8.3 min (H2O/CH3CN 2/98). 
 
1
H NMR:7.54 (d, 
3
J = 7.8 Hz, 2H, CH(3 and 3')), 7.41 (s, 2H, CH(1 and 1')), 7.32 and 
7.31 (d, 
3
J = 7.8 Hz, 2H, CH(2 and 2')), ~7.25 (overlap with solvent, CH(11)), 7.20 (app t, 
3
J = 
7.6 Hz, 1H, CH(10 or 10')), 7.18 (app d, 
3
J = 7.6 Hz, 1H, CH(10 or 10')), 7.04 (d, 
3
J = 7.6 Hz, 
1H, CH(9 or 9')), 6.87 (d, 
3
J = 7.6 Hz, 1H, CH(9 or 9')), 3.14 (m, 2H, CH2(4 or 4')), 3.09 (br s, 
3H, CH2(4 and 5, or 4' and 5')), 3.05 (m, 2H, CH2(5 or 5')), 2.96 (t, 
3
J = 7.3 Hz, 2H, CH2(6')), 
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2.82 (dt, 
3
J = 7.7 Hz, 
3
J = 7.3 Hz, 2H, CH2(7')), 2.64 (t, 
3
J = 8.0 Hz, 2H, CH2(6)), 2.49 (t, 
3
J = 
8.1 Hz, 2H, CH2(7)), 1.72 (s, 6H, CH2(8)), 1.42 (t, 
3
J = 7.8 Hz, 1H, SH). HRMS-EI:[M]
+
 calcd 
for C31H34S2: 470.2102, found 470.2104. UV/vis:346 (0.95), 330 (1), 316 (0.52), 304 (0.38), 292 
(0.37), 281 (0.28). HPLC:tR 16.0 min (H2O/CH3CN 10/90). 
 
1
H NMR:7.42 (s, 1H), 7.38 (s, 1H), ~7.25 (overlap with solvent), 7.21 (d, J = 7.7 Hz, 
1H), 7.03 (d, J = 7.7 Hz, 1H), 6.99 (d, J = 7.8 Hz, 1H), 4.11-4.04 (m, 1H), 4.02 (m, 1H), 3.64 (m, 
~3H), 3.22-3.13 (m, 4H), 3.13-3.05 (m, 6H), 3.05-2.98 (m, ~2H), 2.98-2.89 (m, ~5H), 2.89-2.78 
(m, ~5H), some aliphatic peaks may be obscured by residual H2O and other impurities. HRMS-
EI:[M]
+
 calcd for C28H32S2: 432.1946, found 432.1943. UV/vis:346 (0.96), 330 (1), 316 (0.53), 
303 (sh, 0.39), 292 (0.38), 281 (sh, 0.29). HPLC:tR 9.4 min (H2O/CH3CN 2/98). 
 
1
H NMR:7.43 (s, 2H, CH(1)), ~7.26 (overlap with solvent, CH(3)), 7.04 (d, 
3
J = 7.9 Hz, 
2H, CH(2)), 3.20-3.15 (m, 4H, CH2(4)), 3.11-3.07 (m, 4H, CH2(5)), 2.96 (t, 
3
J = 7.4 Hz, 2H, 
CH2(6)), 2.83 (dt, 
3
J = 7.4 Hz, 
3
J = 7.8 Hz, 2H, CH2(7)), 1.43 (t, 
3
J = 7.8 Hz, 1H, SH). HRMS-
EI:[M]
+
 calcd for C22H24S2: 352.1319, found 352.1320. UV/vis:346 (0.96), 329 (1), 315 (0.55), 
302 (sh, 0.42), 292 (0.42), 281 (sh, 0.33). HPLC:tR 5.0 min (H2O/CH3CN 2/98), confirmed with 
authentic sample; tR 7.7 min (H2O/CH3CN 10/90), confirmed with authentic sample. 
 
HRMS-EI: [M]
+
 calcd for C30H36S2: 460.2259, found 460.2262. Observed in the reaction 
mixture without isolation. UV/vis:346 (0.97), 330 (1), 315 (0.55), 303 (0.40), 292 (0.40), 281 
(sh, 0.31). HPLC:tR 32.5 min (H2O/CH3CN 10/90), assigned by analogy to disulfide 2 reaction. 
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HRMS-EI: [M]
+
 calcd for C24H28S2: 380.16325, found 380.16353. Observed in the 
reaction mixture without isolation. UV/vis: 345 (0.97), 329 (1), 315 (sh, 0.55), 303 (0.40), 290 
(0.40), 281 (sh, 0.32). HPLC: tR 11.5 min (H2O/CH3CN 10/90), confirmed with authentic 
sample. 
 
1
H NMR: 7.20 (d, 
3
J = 8.3 Hz, 1H, CH(3 or 3')), 7.16 and 7.15 (overlapping d, 2H, CH(3 
or 3') and CH(1 or 1')), 7.09 (d, 
4
J = 1.9 Hz, 1H, CH(1 or 1')), 6.78 (dd, 
3
J = 8.3 Hz, 
4
J = 2.4 Hz, 
1H, CH(2 or 2')), 6.68 (dd, 
3
J = 8.3 Hz, 
4
J = 2.4 Hz, 1H, CH(2 or 2')), 5.82 (m, 1H, CH(9)), 5.74 
(m, 1H, CH(10)), 4.18 and 4.17 (overlapping t, 2H, 
3
J = 6.2 Hz, CH2(6')), 3.50 (m, 1H, CH(8)), 
3.19-3.13 (m, 6H, CH2(4, 4' and 6)), 3.07-3.02 (m, 6H, CH2(5, 5' and 7)), 2.94 (dt, 
3
J = 7.6 Hz,
 3
J 
= 6.9 Hz, CH2(7')), 2.07-1.97 (m, 4H, CH2(11 and 12)), 1.83-1.76 (m, 2H, CH2(13)). HRMS-EI: 
[M]
+
 calcd for C28H32O2S2: 464.1844, found 464.1840 (in reaction mixture). UV/vis: 356 (1), 
339 (0.95), 325 (sh, 0.49), 309 (0.28), 294 (0.40), 285 (0.38). HPLC: tR 5.1 min (H2O/CH3CN, 
20/80). 
Photolysis of 4 in cyclohexene also yields an unidentified species (likely a mixture): 
7.58 (d, J = 8.0 Hz, 4H), 7.46 (d, J = 8.0 Hz, 4H), 7.31 (t, J = 7.9 Hz, 4H), 7.26 (t, J = 7.9 
Hz, overlap with solvent), 7.22-7.12 (m, 6H), 5.96 (m, 2H), 5.48 (m, 2H), 4.15 (t, J = 6.3 Hz, 
2H), 3.44 (m, 3H), 3.16 (m, 4H), 3.05 (m, 4H), 2.91 (dt, J = 8.2 Hz,
 
J = 6.4 Hz, 2H), 1.99 (m, 
6H), 1.80-1.74 (m, 2H), 1.70 (t, J = 8.4 Hz, 1H). 
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1
H NMR: 7.21 (d, 
3
J = 8.0 Hz, 2H, CH(3)), 7.16 (d, 
4
J = 2.4 Hz, 2H, CH(1)), 6.78 (dd, 
3
J 
= 8.3 Hz, 
4
J = 2.4 Hz, 2H, CH(2)), 4.15 (t, 
3
J = 6.4 Hz, 4H, CH2(6)), 3.17 (m, 4H, CH2(4)), 3.06 
(m, 4H, CH2(5)), 2.91 (dt, 
3
J = 8.3 Hz, 
3
J = 6.4 Hz, 4H, CH2(7)), 1.70 (t, 
3
J = 8.3 Hz, 2H, SH). 
HRMS-EI: [M]
+
 calcd for C22H24O2S2: 384.1218, found 384.1217. UV/vis: 356 (1), 339 (0.97), 
324 (sh, 0.50), 308 (0.29), 294 (0.41), 285 (0.38). HPLC: tR 7.7 min (H2O/CH3CN, 20/80). 
1       2 
 
3       4 
 
Figure 5.5. High-performance liquid chromatograms (HPLC) of disulfides 1-4 demonstrating the 
chemical homogeneity of the synthesized products. Mobile phases employed: CH3CN for 1, and 
H2O/CH3CN 2/98 for 2-4. All were monitored at 345 nm. 
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Figure 5.6. Normalized UV/vis absorption spectra of disulfides 1-4 in hexanes. They are 
dominated by the Z stiff stilbene chromophore. Two alkoxy substituents at stiff stilbene red-shift 
its absorption by ~10 nm (e.g., macrocycle 4 vs. 2, 3). The absolute extinction coefficient of the 
stiff stilbene chromophore is 2×104 L·mol-1·cm-1 based on our work of other stiff stilbene 
macrocycles. 
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Figure 5.7. UV/vis spectral changes of disulfides 1-3 during irradiation at 365 nm and 5 °C, and 
plots of absorbance vs time. (a) 1 in cyclohexene; (b) 2 in cyclohexene; (c) 2 in cumene; (d) 3 in 
cyclohexene. The lines are exponential fits.  
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Figure 5.7 (cont.). 
 
 
  
Figure 5.8. HPLC and UV/vis spectra of products obtained after photolysis of disulfides 1-4. (a) 
1 in cyclohexene; (b) 2 in cyclohexene; (c) 2 in cumene; (d) 3 in cyclohexene; (e) 4 in 
cyclohexene. Mobile phases and monitoring wavelengths are shown on the graphs. 
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Figure 5.8 (cont.).  
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Figure 5.8 (cont.). 
 
 
Figure 5.9. UV/vis spectra of 1 in cumene before (red) and after (blue) photolysis at 365 nm and 
-10 
o
C under N2 atmosphere. The peaks at 330 and 350 nm probably indicates formation of E 
non-macrocyclic stiff stilbenes (likely A and B), but the relatively low intensity suggests 
substantial photobleaching. 
 
 
Figure 5.10. UV/vis spectra of 4 and 1.4 mM nitrosobenzene (as free radical trap) in benzene 
before (blue) and after (red) photolysis at 375 nm and room temperature under N2 atmosphere; 
the difference spectrum (green) suggests bleaching of the stiff stilbene chromophore.  
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Figure 5.11. Arrhenius plots of quantum yields (photokRH
28krec) for disulfide 1-4 consumption in 
cyclohexene (CHE) and cumene. Black lines correspond to least squares linear regressions. 
 
 
Figure 5.12. Plot of ln  vs. d, the Boltzman-averaged separation between the S-S bond and stiff 
stilbene. Line is linear fit: ln  = (-2.6±0.7)·d + (3±2).  values are normalized relative to that of 
disulfide 1. 
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Table 5.2. Summary of the peak positions (in nm) and their relative molar absorptivities 
(compared to the stiff stilbene peak) of the absorption spectra of disulfides 1-4 in hexanes; sh 
indicates shoulder. 
macrocycle Peak positions (in nm) of the absorption spectra 
1 353 (1), 308 (0.93), 278 (1.33) 
2 353 (sh, 0.89), 340 (1), 308 (sh, 0.51), 296 (0.53) 
3 352 (sh, 0.93), 337 (1), 305 (0.53), 295 (0.55) 
4 361 (0.96), 345 (1), 327 (0.54), 295 (0.32), 286 (sh, 0.30) 
 
Table 5.3. Quamtum yields (photokRH
28krec) for disulfide 1-4 consumption during irradiation at -
10 – 45 °C. CHE = cyclohexene. 
 H donor t (°C) photokRH
28krec×10
4
  H donor t (°C) photokRH
28krec×10
4
 
1 CHE -10.6 4.19±0.05 3 CHE -9.7 0.33±0.01 
  0.1 6.7±0.3   0.0 0.43±0.01 
  15.5 9.9±0.4   15.1 0.44±0.01 
  31.0 13.4±0.5   30.0 0.56±0.02 
  45.2 17.4±0.8   45.0 0.65±0.02 
2 CHE -8.9 0.61±0.01 4 CHE -11.8 1.25±0.02 
  5.0 0.79±0.01   5.0 1.73±0.02 
  15.0 0.99±0.02   15.0 2.06±0.02 
  30.1 1.21±0.02   30.0 2.64±0.02 
  45.0 1.44±0.01   45.0 3.22±0.02 
2 cumene -9.7 0.171±0.001     
  5.0 0.260±0.002     
  15.1 0.323±0.003     
  30.0 0.45±0.01     
  45.0 0.59±0.01     
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